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1.1 Introduction 
The cell is the basic unit for all forms of life, it contains genetic and biochemical 
machineries of extreme complexity. Every organism consists of cells or is a single 
cell by itself. Cells can vary in appearance and function and have distinct 
characteristics for maintaining homeostasis: self-feeding or nutrition, proliferation, 
or for example chemical signalling.  
 
The structure of cells as well their physico-chemical properties, are a source of 
inspiration to construct functional life-like molecular materials (1, 2). Two goals 
are defined in this field: (i) construction of life-like molecular systems using 
chemical and/or biological building blocks in order to mimic biomolecular 
architectures found in the cellular environment with the aim to better understand 
and affect biological processes. (ii), assembly of smart (nano)materials that are 
able to perform various types of functions such as self-repair and adaptation. 
These systems can be more versatile than life-like molecular systems as they are 
based on chemical or biological building blocks and accept a wider range of 
conditions. Reducing the complexity has the advantage that biomimetic function 
is easier to engineer and with more control. A disadvantage is that without repair 
mechanisms and maintenance, simple artificial nano-scale devices will function for 
a limited amount of time due to degradation of the components. 
 
This chapter gives an overview of the different concepts that have been studied to 
obtain life-like structures and smart adaptive ‘machines’. The systems are based 
on the bottom-up approach which stands for the way of constructing life-like 
materials by assembly of biological and synthetic elements. The building blocks 
can work together to mimic certain aspects of cellular behavior.  
1.2 Compartments 
Compartmentalisation is a crucial aspect of life and has been developed by nature 
during the evolution of cells (3, 4). The isolation of biological processes enables 
the cell to carry out different tasks at the same time. It allows for separation of 
biomolecules, maintaining different intracellular pH’s or to spatially or temporally 
regulate multi-step biological processes at specific locations. Also, the cell as a 
whole can be considered as a compartment where the cell membrane regulates 
external stimuli that can lead to internal responses. Scientists have been inspired 
by these phenomena and have explored the possibilities to mimic the organized 
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complexity of living systems (5). From a synthetic point of view, 
compartmentalisation of catalysts in confined spaces can be useful to improve 
efficiency and selectivity, which can be beneficial in the fine-chemical industry (6, 
7). Biomimetic compartments can serve as artificial organelles to study complex 
biochemical networks such as DNA replication and protein expression; they can 
be used to locally influence biosynthetic pathways in living cells or for drug-
delivery purposes in dysfunctional cells. A major challenge of designing bio-
inspired molecular systems, is the development of membranes that can 
encapsulate internal components but can also refuel or remove waste products via 
transporter proteins or membrane pores (8, 9). This section reviews the 
development of membrane-based vesicles, integrated systems in confined space 
and hybrid systems that mimic the functionality of components in the cell.  
1.2.1 Membrane vesicles 
The composition of the cell membrane has inspired scientists to develop 
(synthetic) lipids that assemble into vesicles. Naturally occurring lipids have a 
good biological compatibility and biodegradability, while vesicles made of 
synthetic lipids offer the ability to fine-tune their building components for control 
over their properties (10). 
 
Fatty acid-based vesicles have many physical properties that are appropriate for 
the construction of artificial cells (Figure 1.1). Bilayered membranes can be 
formed from fatty acids when the solution’s pH is approximately equal to or 
above the pKa of the carboxylate head groups in the membrane (11). At this 
point, the critical aggregation concentration is reached and thus the fatty acid 
monomers spontaneously self-assemble into vesicles. Fatty acids have relatively 
high pKa values due to associations between ionised and unionised carboxyl 
groups into premicellar aggregates. In such an aggregate it is more difficult to 
remove an acid proton and this leads therefore to an increase in the pKa. (12). 
 The fatty acids exchange dynamically between vesicles, micelles and dissolved 
monomers. Therefore, vesicles from fatty acids are good candidates for artificial 
cell membranes as these vesicles grow by addition of fatty acids (13) or by 
production of fatty acids in situ from precursors  (14). According to the acyl-
chain length and saturation state of the fatty acid, permeability (15), stability 
(16) and dynamics of these vesicles (17) can be tuned.  
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Figure 1.1 Above a certain concentration, fatty acids spontaneously aggregate. Below 
their pKa (approximately ~ 7 to 9), fatty acids aggregate into precipitates or oils. Above 
their pKa, repulsion of the charged carboxylate head groups leads to formation of 
micelles. Near their pKa, the fatty acids are partly ionised and form hydrogen-bonded 
dimers that stabilise the formation of bilayers. Spontaneous curvature of the bilayer 
results subsequently into enclosed vesicles. This figure was adapted from Blain et al. (1) 
with permission. 
 
Fatty acid membranes are less robust than phospholipid vesicles as they tend to 
precipitate in presence of millimolar concentrations of divalent cations, which are 
often required for biochemical reactions (18). Phospholipid vesicles have been 
studied more extensively than fatty acid based assemblies, because of their high 
stability and close resemblance in morphology and size to the cell membrane, 
which makes them excellent candidates for more complex bio-inspired systems. 
These parallels enhance biocompatibility and enable natural degradation (19).  
 
Various techniques for liposome preparation have been developed and the 
resulting phospholipid vesicles have been studied extensively (20). The vesicles 
that are the most suitable for life-like systems are typically referred to as large 
unilamellar vesicles (LUVs) and giant unilamellar vesicles (GUVs). LUVs, often 
prepared by extrusion methods, have typically diameters up to 1 µm. This allows 
for uniformity and reproducibility in sizes. GUVs instead are mostly prepared by 
budding and release of liposomes from swollen lipid films or electro swelling (21). 
These techniques lead to a broader size distribution within batches of liposomes. 
Disadvantage of these methods are the relatively low encapsulation efficiencies 
due to large unencapsulated volumes.  
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Pautot et al. solved this problem by developing a method for assembly of 
unilamellar vesicles by using water-in-oil emulsions stabilised by the material for 
the inner leaflet, as schematically depicted in Figure 1.2 (22).  
 
 
 
Figure 1.2 Schematic overview of a GUV preparation method. (i) Inner solution (IS) 
was dispersed in the oil phase consisting of phospholipids to prepare the water in oil 
(w/o) emulsion, and overlaid on the outer solution (OS). (ii) The w/o emulsion droplets 
were transformed into vesicles by centrifugation. (iii) Vesicles were collected from the 
bottom of the tube. Reprinted with permission from Nishimura et al (23). 
 
By passing the lipid monolayer stabilized emulsion through a second oil-water 
interface, the droplets became coated with the outer leaflet. By using mixed 
lipids, surfactants and amphiphilic diblock copolymers, a variety of vesicles were 
made with high encapsulation efficiency.  
 
Synthetic analogues of phospholipids have been suggested as suitable candidates 
for the development of membrane vesicles because of their superior and tunable 
material properties. Materials such as block-copolymers (24), dendrimers (25) and 
amphiphilic peptides (26) and proteins are utilized in these studies and have 
potential to expand the properties of membranes. Polymeric vesicles, so-called 
polymersomes, refer to synthetic supramolecular structures that can be an 
alternative for lipid vesicles (27). The relative high molecular weight compared to 
lipids makes polymeric vesicles in general stronger and tougher than liposomes.  
 
Polymersomes are based on amphiphilic block-copolymers that self-assemble into 
spherical capsules, in which the membrane separates the core from the outside 
medium (Figure 1.3).  
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Figure 1.3 Amphiphilic diblock copolymers that can self-assemble into polymeric 
vesicles, so-called polymersomes. The vesicle consists of a macromolecular bilayer 
enclosing a spherical aqueous compartment.  
 
Polymersomes have often longer shelf-lives compared to liposomes due to their 
lower critical aggregation concentration (28). The block-copolymers are in most 
cases more stable and less prone to oxidation then unsaturated lipids. The 
formation of polymersomes is in general driven by phase separation of block-
copolymers which results in a structure that is held together by non-covalent 
forces. A common method for the preparation of polymersomes is the addition of 
a block-selective solvent to a block-copolymer solution in a solvent that is suitable 
for both blocks (29). For the preparation of life-like systems, polymeric vesicles 
that can be formed directly in an aqueous medium are favourable. 
  
One of the first well-studied polymersome systems was based on poly(ethylene 
glycol)-b-poly(ethyl ethylene), (PEG-b-PEE) block-copolymers, which showed to 
be biocompatible (24). The hydrophilic PEG block is known to have limited 
protein adsorption, which resulted in stealth behaviour in vivo and therefore 
prolonged circulation times compared to non-PEGylated vesicles (30, 31). PEG 
has been coupled to other hydrophobic blocks such as polystyrene (PS) and 
polybutadiene (PBd) (32). Polystyrene has a relatively high glass transition 
temperature (Tg of ~ 80 – 100 ºC) and when coupled to PEG, the resulting block-
copolymer was assembled into a rigid semi-crystalline membrane after solvent 
removal. Contrary to PS, PBd has a Tg below room temperature which resulted 
in more flexible and fluidic membranes. After polymersome formation, the 
membranes can be extruded in order to control the size in a similar way to 
hydrophilic block
hydrophobic block
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liposomes. Polymersomes from PEG-b-PBd and PEG-b-PEE were prepared by the 
well-known liposome preparation methods of sonication of an aqueous copolymer 
dispersion or hydration of a polymer film (29). Their membranes were relatively 
thick, increasing with the square root of the molecular weight of the hydrophobic 
block (33). This allowed the membranes to solvate large quantities of hydrophobic 
molecules while still encapsulating hydrophilic molecules in the interior (34).  
 
Compared to common phospholipid bilayers, it was found that the polymersome 
membrane was at least 10 times less permeable for water (35). A limitation of the 
abovementioned polymersomes in a biological context is the non-degradable 
nature of the hydrophobic block. Fully biodegradable polymeric vesicles have 
therefore been constructed from PEG coupled to polyester-based hydrophobic 
blocks such as poly(lactic acid) (PLA) and polycaprolactone (PCL), forming 
PEG-b-PLA (32) and PEG-b-PCL (36-39) respectively. Their semi-crystallinity 
made these membranes however not suitable for mimicking the fluidity of cellular 
membranes. 
 
In the last decade, the 'library' of vesicle forming polymers has been extended 
considerably by introducing 
stimulus-responsive polymers, for example with pH-dependent properties. A 
straightforward way is to replace the inert PEG block by polymers with for 
instance negatively charged acid residues (poly(acrylic acid)) or the hydrophobic 
block with poly-(2-(diisopropylamino)ethyl methacrylate) (PDPA). When PDPA 
was coupled to the hydrophilic zwitterionic phospholipid mimic poly(2-
methacryloyloxy-ethyl phosphorylcholine) (PMPC) (40, 41), vesicles were 
prepared from this block copolymer above a pH of 6.4, as the PDPA block was 
deprotonated and thus hydrophobic(41). It became more hydrophilic and 
protonated when the pH was decreased, leading to a transition from 
polymersomes to free dissolved polymers. This mechanism could be interesting for 
drug delivery purposes.  
 
Together with amphiphilic diblocks, symmetric and asymmetric triblock 
copolymers have received increasing interest. Asymmetric membranes can, in 
some cases, undergo pH dependent swelling/deswelling (42) or membrane 
inversion (43). Further expansion of useful structures and properties was 
accomplished by mixing different copolymers or lipids in order to create regions 
with specific functionality in the polymer membrane (44, 45). 
 
Chapter 1   
8   
Some applications require a stable (semi-)permeable membrane to keep the 
encapsulated components inside while reagents can migrate through the bilayer. 
This concept can be beneficial for biological and chemical reactions where an 
encapsulated catalytically active component needs protection from harmful 
environmental effects. In addition the compartment concentrates the chemical 
process in a nano-environment. It was shown that small substrates such as O2- can 
penetrate polymeric bilayers made from poly(dimethylsiloxane)-b-poly(2-methyl-
oxazoline) (46). Also polymeric particles, self-assembled from the chiral 
poly(styrene)40-poly(isocyano-L-alanine-2-(thiophene-3-yl ethyl) amide)n resulted 
in stable porous nanoreactors (47, 48). It was shown that particles made from this 
polymer are permeable for small molecules while larger molecules such as enzymes 
stay trapped inside the cavity (47, 49). It was hypothesised that the porosity was 
a result of a frustrated packing of the polymers in the bilayer. In a more 
biomimetic approach, permeable polymersomes were made by implementation of 
channel proteins and peptides within the membrane (50). The peptides 
alamenthicin (51) and gramicidin (52), and the membrane proteins OmpF (53), 
AquaporinZ (54) and Fhua (55) were incorporated in the membranes by simply 
adding them to the polymersome suspension. 
 
Significant progress has been made in developing carriers than can fuse with cells, 
however the cellular uptake of cargo-loaded capsules is still challenging. It was 
shown that cellular internalisation of the capsules can be mediated by cell-
penetrating peptides that are linked to their surfaces by a process that commonly 
occurs through endocytosis (56, 57). The use of cell-penetrating peptides is 
however limited due to a lack of cell specificity (58). 
 
Alternative to the development of membrane vesicles, membrane-free types of 
compartments have been studied in the form of surfactant stabilized 
microdroplets (59). It was shown that nucleotides and cationic peptides could 
assemble into coacervate microdroplets, which were stable at physiological 
temperature and salt concentration. In addition, the microdroplets selectively 
sequestered enzymes and showed enhanced rates of glucose phosphorylation (60, 
61).  
1.2.2 Multi-compartment systems 
Compartmentalisation is a key aspect in living cells to enable control over 
biological processes occurring within the compartments. Membranes in the cell 
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have to meet specific requirements, such as semi-permeability, to allow 
communication and molecular transport over the border. Compartmentalisation 
strategies can be used to keep reagents in one place or to sequester toxic 
byproducts. In eukaryotic cells, compartmentalisation is achieved by membranes, 
complexes of metabolic enzymes or co-localization of enzymes to cellular 
membranes (62).  
 
In the field of cell-free synthetic biology, most of the chemical and biological 
nanoreactors that are developed, perform ‘one-pot’ processes in liposomes (63), 
giant liposomes (64) or microdroplets (65). Miller et al. reported in 2013 a fully 
synthetic system consisting of light-sensing organelles coupled to a gene expression 
system, all encapsulated in a water-in-oil droplet (66). A modular 
compartmentalised protocell was designed that contained: (i) a light-sensing lipid-
stabilised organelle, which triggered lactose release upon illumination and (ii) a 
fluorescent readout module which used the output signal lactose to express a 
protein (Figure 1.4). With this concept, modular compartmentalized elements 
were linked via a non-protein signaling molecule.  
 
Another multi-compartmentalized system was based on the loading of large 
polymersomes or GUVs with two different populations of smaller porous 
polymeric vesicles containing different enzymes. This allowed for selective 
encapsulation of (incompatible) biomacromolecules. Communication between the 
inner compartments was achieved by diffusion of substrates and intermediates 
over the permeable membranes of the organelles (67, 68).  
 
Progress has been made in creating well-defined multicompartment structures 
with microfluidics techniques (69). Highly controlled multiple emulsions were 
made where compartment droplets even further encapsulate subsequent 
compartment droplets. A coaxial co-flow geometry was used to perform the 
emulsification which comprised a cylindrical capillary, with a tapered end, which 
was inserted into a second cylindrical capillary with a higher inner diameter. Both 
capillary tubes were centered within a larger square capillary. In two 
emulsification steps, uniform monodisperse multiple emulsions were obtained. 
Firstly, a single emulsion was made by a coaxial flow of the middle fluid. The 
emulsion was subsequently emulsified through a coaxial flow of the outermost 
fluid, which was injected in the square capillary. The higher degree of organisation 
by compartmentalisation of processes enabled to increase the complexity of 
artificial cells and in particular metabolic function. 
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Figure 1.4 (a) A lipid stabilized protocell containing a light-sensing subsystem and a 
fluorescent readout module. (b) Design of the light-sensing subsystem. (i) Acidification 
of the organelle by bacteriorhodopsin (BR) upon illumination. (ii) A proton gradient 
provides energy for lactose release. (c) Fluorescent readout module. (i) the inactive 
state. Transcription and translation are prevented by association of the repressor LacI to 
the pLac control region of the artificial genome. (ii) active state.  A lactose analogue 
(IPTG) results in release of LacI from the pLac region and removal of transcriptional 
repression resulting in eGFP production. Reprinted with permission from Miller et al. 
(66). 
 
By positioning enzymes in multiple compartments, signaling cascades could be 
carried out where reactants diffuse from one vesicle to another (67, 70, 71). Elani 
et al. designed and constructed multi-compartment vesicles for multi-step 
enzymatic pathways, see Figure 1.5.  
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Figure 1.5 (a) Scheme of the enzymatic cascade (b-d) Schematics of the generated 
vesicle system, together with composite images of vesicles at the start and at the end of 
the reaction. Scale bar, 250 μm. The fluorescence intensity comes from Amplex Red, 
being oxidized to fluorescent resorufin. (b) Hydrogen peroxide produced in the left 
vesicles translocate through the bilayer to start the oxidation of Amplex Red. (c) 
Multicompartment system with an α-hemolysin pore which enables diffusion of 
intermediates. (d) A three-step cascade where the steps are divided over single 
compartments. Reprinted with permission from Elani et al. (71). 
 
Individual steps were isolated in distinct compartments and their products 
diffused into neighboring compartments through pore proteins, such as -
hemolysin, initiating subsequent steps. This created an engineered signaling 
cascade in an artificial cellular system (71). Also aqueous two-phase systems 
(ATPS) have been exploited for localisation of cell-mimicking components. Simple 
chemical methods were found to promote phase separation of biological 
macromolecules in solution. Li et al. have shown that interactions between diverse 
macromolecules produced sharp micrometer-sized liquid droplets in aqueous 
solution (72).  
 
A transition between small complexes and large, dynamic supramolecular 
polymers was observed in an in vitro system containing specific cytosolic proteins. 
It was found that phase separation was directly related to the degree of 
phosphorylation of the protein nephrin that was interacting with an actin-
regulatory protein called the Wiskott-Aldrich syndrome protein (N-WASP) and 
the cytoplasmic protein NCK. These findings suggest that phase transitions may 
be used throughout biology and spatially organise and biochemically regulate 
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information. Another example that shows how phase transitions can affect 
biological process was demonstrated by Strulson et al. An enrichment of RNA up 
to 3,000-fold was obtained by using an ATPS system containing polyethylene 
glycol and dextran. The partitioning of RNA in the dextran-rich phase lead to 
approximately 70-fold increase in the rate of ribozyme cleavage and this 
enhancement could be tuned by the relative volumes of the two phases in the 
ATPS (73).  
 
Microdroplets were also used to induce macromolecular organization in 
encapsulated E. coli cell lysate (74). Gene expression in the lysate was under 
these conditions followed under crowded and non-crowded conditions. It was 
found that coacervation created an artificial cell-like environment with increased 
rates of mRNA production. It was suggested that in crowded environments, the 
binding constant between DNA and T7 RNA polymerase is two orders of 
magnitude larger and the rate constant for transcription five to six times larger. 
In this way, coacervation created an artificial cell-like environment with increased 
rates of mRNA production.  
 
These results support the importance of compartments and macromolecular 
organization in cellular systems, which facilitate to improve our understanding of 
biochemical networks in vivo and in vitro.  
1.3 Far-from-equilibrium 
Contrary to living cellular systems, the above mentioned systems all go a 
thermodynamic equilibrium when energy sources are depleted by consumption of 
free-energy. The living cell is however a kinetic state of matter that maintains a 
far-from-equilibrium state by continuous energy supply, self-replication and 
metabolic pathways (75). Recently, the research in the field of life-like materials is 
therefore focusing on adaptive and dynamic systems that develop or change their 
structures and functions by dissipation of energy (76-78).  
1.3.1 Far-from-equilibrium systems 
The definition of far-from-equilibrium self-assembly is not unified. Whitesides et 
al. stated in 2002 that a dynamic process, such as self-assembly, should be based 
on pre-existing components (separate or distinct parts of a disordered structure), 
is reversible and can be controlled by a proper design of the components (79). 
Otto et al. defined three thermodynamic states of a supramolecular system, (i) 
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equilibrium assemblies, (ii) kinetically trapped assemblies and (iii) far-from-
equilibrium self-assembly as shown in Figure 1.6 (80).  
 
 
 
Figure 1.6 Thermodynamic regimes of a chemical system, including (i) thermodynamic 
equilibrium, (ii) kinetic trap and (iii) far-from-equilibrium. Reprinted with permission 
from Mattia et al. (80). 
 
A continuous energy input is therefore required for far-from-equilibrium systems 
to maintain their functioning, which is often provided by light (81, 82), electricity 
(83), magnetic fields (84) or chemical fuels (76). Examples of cellular kinetic 
controlled self-assembled structures are actin networks and microtubules (85). 
They have the ability to use free energy, via fuel conversion to obtain transient 
structures and to perform physical work.  
 
Recently a number of synthetic out-of-equilibrium assemblies have been described. 
Boekhoven et al. reported a molecular system that can switch between an 
associating state and a non-associating state through the addition of chemical 
fuel. The kinetics of fuel conversion controlled the lifetime, stiffness and 
regenerative behaviour of the self-assembled state (78). This resulted in different 
metastable gel states from an identical gelator composition. They also reported a 
self-assembled fibrous network via continuous methylation of a carboxylate acid 
gelator precursor by methyl iodide, depicted in Figure 1.7 (86). After methylation, 
the obtained compound, (dibenzoyl-(1)-cysteine, DBC-OMe) either hydrolysed 
back to the non-methylated state or reacted with fuel again, to form a diester 
which had the ability to self-assemble into a fibrous network. A steady state was 
found in this network between fibre formation and hydrolysis. The energy 
provided by the fuel kept the system in a gel state. By subsequent additions of 
new fuel, the system was cycled between a solution state and a gel state. The 
emerging property from the far from equilibrium state is in this example the 
formation of the gel. 
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Figure 1.7 (a) Schematic of a dissipative self-assembly gel system. By the consumption 
of fuel, building blocks (blue) are active and assemble into fibres (red). The resulting 
fibres dissipate their energy and return to their monomeric state (blue). When sufficient 
fuel is present, the fibers will assemble and disassemble simultaneously, depending on the 
energy dissipation state. (b) Reaction cycle of the dissipative system. MeI acts as fuel 
and reacts with DBC dicarboxylate (blue) to DBC-OMe. The latter can dissipate its 
energy by hydrolysis into DBC or can react with MeI to form a diester (red). The diester 
can subsequently assemble into fibers when sufficient levels of MeI are present. 
Reprinted with permission from Boekhoven et al. (86). 
 
Recently, an analogous system was reported based on two competing enzymatic 
reactions (87). In this system, supramolecular peptide nanofibers were formed that 
showed dynamic instability. Competing catalytic transacylation and hydrolysis 
resulted in assembly and disassembly of aromatic peptide amphiphiles from amino 
acid precursors. When these molecules exceeded the critical gelation concentration 
and started to gelate, the competing hydrolytic reaction took over and started to 
disassemble the fibers.  
 
A more bio-inspired nanoparticle system was developed in which self-assembly 
was coupled in a dynamic way to the balanced activity of the antagonistic 
enzymes tyrosine kinase and phosphatase (88). Nanoparticles were modified with 
peptide substrates that were phosphorylated by tyrosine kinase and 
dephosphorylated by a phosphatase. A second type of nanoparticles with Src 
Homology 2 (SH2) domains recognized and bound the phosphorylated kinase 
substrate in a sequence-specific fashion. This led to coalescence of the particles via 
a polyvalent SH2-phosphopeptide binding. ATP was added to drive the phosphate 
transfer by the kinase, which in turn triggered the assembly of the nanoparticle. 
Disassembly was observed when the system ran out of ATP or when a high 
concentration of phosphatase was used.  
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1.3.2 Energy sources to maintain systems far-from-equilibrium 
Suitable and efficient chemical energy sources are crucial for maintaining systems 
far-from-equilibrium. In this section, some examples of reported (semi) synthetic 
energy sources are discussed. In living cells, biochemical respiratory pathways and 
electron transfer chains are used to convert energy, often in the form of adenosine 
triphosphate (ATP) and guanosine triphosphate (GTP). Noireaux et al. showed 
an ATP-regeneration system for prolonged GFP expression in liposomes. A 
variety of enzymes, cofactors and reactants were required for protein synthesis, as 
depicted in Figure 1.8. ATP was in this system regenerated with creatine kinase 
and creatine phosphate as chemical fuel (89).  
 
 
 
Figure 1.8 A variety of purified catalysts, cofactors and reactants are required to 
synthesize proteins. The high-energy phosphate bonds of creatine phosphate drive the 
ATP regeneration system (green) and the GTP regeneration system (blue). Reprinted 
with permission from Swartz (89). 
 
An alternative for efficient energy generation and the regeneration of amino acids 
and nucleotides would be simple metabolic pathways that convert readily 
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available energy sources such as sugars or sunlight into a functional form of 
chemical energy (90). Zhu et al. reported a metabolic pathway, consisting of 13 
enzymatic steps, that was able to use glucose as a fuel source for the production 
of 24 electrons per glucose unit of maltodextrin (91). In this way, a micropower 
enzymatic fuel cell was created that features high energy-storage density and 
safety. The enzyme complex that is mainly responsible for the production of ATP 
is ATP synthase and is located in the membranes of mitochondria, chloroplasts 
and prokaryotic cells (92).  
 
Biomimetic systems of ATP synthases in membranes have been successfully 
realized with liposomes (93). ATP was produced by reconstitution of 
bacteriorhodopsin (BR), a light-driven proton pump, and ATP synthases in 
membranes. In these systems, a proton gradient over the membrane was created 
by BR (Figure 1.9), utilising light radiation. The proton gradient subsequently 
activated the ATP synthase complex, which phosphorylated ADP to ATP outside 
the liposome.  
 
 
 
Figure 1.9 Light-driven nanoreactor. Under light illumination, bacteriorhodopsin (BR) 
establishes a proton gradient, which is used by ATP synthase to produce ATP from 
ADP and Pi.  
 
An alternative system that is developed for ATP synthesis, is based on 
polyelectrolyte microcapsules containing ATP synthase (94).  With layer-by-layer 
BR
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H+H
+
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ATP-synthase
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(LbL) assembly of negatively charged poly(acrylic acid) (sodium salt) (PAA) and 
positively charged poly(allylamine hydrochloride) (PAH) onto template particles, 
a scaffold was built to accommodate the ATP synthase complex in the membrane, 
which could facilitate ATP synthesis. A proton gradient was created by injection 
of buffer solutions with different pH values, which however did not allow to 
maintain the system far-from-equilibrium. Therefore, the oxidative hydrolysis of 
glucose was utilized (95) (Figure 1.10). 
 
 
 
Figure 1.10 Schematic representation of ATP synthesis, catalysed by CF1F0-ATPase, 
reconstituted in lipid-coated Hb microcapsules. GOx converts glucose into gluconic acid 
which generates a proton gradient over the membrane. ATP synthase uses the proton 
gradient to synthesise ATP from ADP and Pi. Reprinted with permission from Qi et al. 
(95). 
 
With consumption of molecular oxygen, glucose oxidase (GOx) catalyses the 
oxidation of glucose into acidic gluconic acid. This process created a 
transmembrane proton gradient that could be used for ATP synthesis. A 
continuous inward pumping of protons across the membrane was monitored which 
enabled the synthesis of ATP in the protein capsules (Figure 1.10).  Hvasanov et 
al. proposed a synthetic hybrid photosynthetic-respiratory chain based on 
ruthenium(II)-terpyridine linked to cytochrome c and cytochrome c oxidase (96). 
Upon irradiation, a pH-gradient across the membrane up to ΔpH ≈ 0.2 was 
obtained. For the construction of energetically self-sufficient molecular systems, 
the above mentioned building blocks could lead to higher levels of control over the 
energy regulation. 
1.4 Functional molecular systems 
In the field of bottom-up synthetic biology, biochemical functionalities in small 
compartments are explored in various ways. Much work in creating artificial cells 
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and organelles from the bottom-up has utilised cell-sized lipid vesicles or 
polymersomes as an initial platform in which cellular processes can be mimicked. 
In order to expand the range of functionalities and to make the crucial step from 
non-living to living, functional compartments are required that can perform tasks 
autonomously and simultaneously, for instance by implementation of artificially 
generated metabolic processes, motion and replication mechanisms. Coupling of 
distinct mechanisms can lead to dynamic systems that can influence each other’s 
actions. In the following sections, several concept of functional systems will be 
discussed that can turn non-responsive systems into advanced functional 
molecular systems.  
1.4.1 Metabolic pathways 
Bio-mimetic structures that are able to replicate, divide, perform metabolism and 
regenerate energy currently rely on the incorporation of genomes, proteins, 
transcription and translation machinery and energy regeneration systems. If the 
focus is only on (small) molecule production, the bottom-up construction of 
synthetic enzymatic pathways can be pursued, with a larger flexibility in the 
rational programming of the biosynthetic networks.  
 
Itoh et al. showed for example the reconstruction of glycolysis from 10 purified E. 
coli enzymes in order to obtain a better understanding of the regulation of the 
sequential enzymatic reactions (97). A cell-free artificial photosynthetic system 
was reported by Wendell et al., where the requisite enzymes of the Calvin cycle 
were coupled with nanoscale photophosphorylation systems, engineered in a foam 
architecture (98). Yet, these enzymatic pathways are however not encapsulated. A 
rationally designed, dynamic functional enzyme network in an open reactor was 
demonstrated by Semenov et al. (76), (Figure 1.11); this network showed 
sustained oscillating concentrations of active trypsin over 65 h. The use of 
regulating mechanisms such as auto-activation and a delayed negative feedback of 
the enzyme trypsin were responsible for the dynamic behaviour of the functional 
reaction network. A common problem in the development of functional enzymatic 
networks is the availability of substrates and the regeneration of enzymes (99). 
Nutrients, for example nucleotides, and waste products must be able to enter and 
exit the cell-like construct, while other components have to remain trapped inside 
the vesicle. Deamer et al. showed that phospholipid vesicles were impermeable to 
ions but permeable for small charged molecules that can diffuse through transient 
defects in the bilayer membrane (100). 
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Figure 1.11 (a) Layout of the enzymatic oscillator based on autocatalytic production 
and delayed inhibition of an enzyme. Inactive E1 was enzymatically converted to active 
E1*. E1* subsequently catalysed its own formation in a positive feedback loop and the 
first of a two-step sequence that unmasked an inhibitor of itself (a negative feedback 
loop). The combination of a positive and negative feedback resulted in an oscillating 
system. (b) Detailed scheme of the complex reaction network. Reprinted with permission 
from Semenov et al. (76). 
 
Permeability of membranes has been used to feed NTPs to encapsulated 
enzymatic reactions in vesicle. Chakrabarti et al. showed the encapsulation of 
RNA polymerase in lipid vesicles without substrate (101). By adding ADP 
externally, long-chain RNA polymers were synthesised within the vesicle. 
Temperature cycling was however required between the membrane phase 
transition temperature and the optimal temperature for the enzyme.  
 
The compatibility of the membrane components and the physico-chemical 
conditions that are required for the metabolic pathways is therefore an important 
aspect. To circumvent incompatibility, the membrane can be permeabilised by 
reconstitution of protein pores (16, 102), shorter-chain phospholipids (103) or 
detergents (104). Libchaber et al. expressed -hemolysin in situ in egg lecithin 
vesicles (102). This extended the translation while adding nutrients externally for 
up to four days. A step further towards the construction of a synthetic cell was 
the encapsulation of a protein expression system with a minimal set of pure and 
specific enzymes for transcription and translation, named the PURE system (105). 
This expression kit consists of a specific set of 36 enzymes and ribosomes and has 
been successfully entrapped in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
(POPC) liposomes (106). This system has still a limited lifetime due to 
degradation and inactivation of critical components.  
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Yomo et al. demonstrated another way for prolonged replication of an artificial 
cell which was based on emulsion droplets. A transcription-translation system was 
encapsulated in droplets and droplet growth was achieved by fusion with smaller 
droplets containing fresh transcription-translation mixtures. The division was 
controlled by periodic passages through a filter with pores of a defined size. 
Growth and division were continued in this way indefinitely (107). Other research 
focused on the local synthesis of lipids as catalysed by in situ synthesised enzymes 
(Figure 1.12).  
 
 
 
Figure 1.12 Schematic representation of a lipid-synthesising liposome. (a) All 
components for transcription and translation are encapsulated inside the liposome. Two 
membrane proteins, involved in the lipid-synthesis pathway were expressed inside the 
liposome and subsequently synthesised lysophosphatidic acid (LPA) from glycerol-3-
phosphate in a two-step process. The resulting lipids were inserted in the liposome 
membrane and induced growth and division. (b) Reaction pathway for lipid synthesis. 
Glycerol-3-phosphate was converted into LPA and subsequently converted into 
phosphatidic acid. Acyl-CoA acted as an acyl-chain donor. Reprinted with permission 
from Kuruma et al. (108). 
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The proteins, sn-glycerol-3-phosphate acyltransferase (GPAT) and 
lysophosphatidic acid acyltransferase (LPAAT), were synthesised by using the 
PURE system, encapsulated in liposomes. The activities of the internally 
synthesised proteins were confirmed by detecting the lysophosphatidic acid and 
phosphatidic acid that were formed from glycerol phosphate and fatty acyl 
coenzyme A (108). 
1.4.2 Molecular and nanomotors 
Nature provides several examples of autonomous biological motors. A lot of effort 
has been made to understand the mechanisms of such motors in nature and in 
vitro (109). Biological motors are classified into two groups: linear and rotary 
motors (110). Motor proteins kinesins and dyneins are typical examples of linear 
motors as they are able transport vesicles and molecules along microtubules. 
Myosins are able to contract muscles and move along actin filaments. Biological 
motors often use catalysis to convert chemical energy, in most cases in the form of 
ATP, into motion. Kinesin is responsible for the transport of cargo within the cell 
and moves in small steps over microtubules upon hydrolysis of ATP (111, 112). 
Examples of rotary motors are F0F1-ATP synthase, which was discussed in section 
1.3.2, and the bacterial flagellum. The bacterial flagellum is responsible for 
swimming and tumbling of bacteria and has a rigid propeller that is turned by a 
rotary motor, based on a proton motive force (113). This force is a result of the 
flow of protons or sodium ions across the bacterial membrane due to a 
concentration gradient, set up by the metabolism in the cell.  
 
Molecular motors are suitable candidates to emerge in functional systems with 
directional motion on the molecular or nanoscale (80). Scientists have been 
inspired by the highly efficient biological motors in nature. A variety of synthetic 
molecular motors have been developed the last decade by using engineered 
microstructures. A fully synthetic example of a far-from-equilibrium molecular 
motion system was reported by Kudernac et al. (114). Molecular motion was 
observed from a four-wheeled molecule, a nanocar, across a Cu(111) surface. 
Energy, provided by a scanning tunneling microscope (STM) tip led to double 
bond isomerisation and stereoisomerisation, inducing the directional movement.  
 
Recently, progress has been made in self-propelled motors that obtain mechanical 
energy by performing chemical reactions. The mechanical work allows the motors 
to move through a fluid phase while performing tasks simultaneously. 
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Montemagno et al. created a hybrid motor by coupling F1-ATPase to a Ni-wire, 
which started to rotate when ATP was added (115). Feringa et al. immobilised 
GOx and catalase to carbon nanotubes which resulted in the formation of bubbles 
in the presence of glucose and oxygen (116). Another approach was the generation 
of autonomous movement by asymmetric polymeric vesicles due to entrapment of 
catalytically active platinum nanoparticles within their cavities (Figure 1.13) 
(117). By hydrogen peroxide diffusion into the nanoreactor cavity, a platinum 
catalysed decomposition into oxygen and water resulted in a driving force for 
movement.  
 
 
Figure 1.13 Nanomotor formation. (a) Method for entrapping Pt-nanoparticles 
(PtNPs) during shape transformation of polymeric vesicles. (b), TEM images show the 
entrapment of PtNPs of different sizes; (left), 35 nm PVP-capped PtNP (middle), 50 nm 
PVP-capped PtNP (right), 65 nm PVP-capped PtNP. (c) Nanoparticle Tracking 
Analysis video frame and the trajectories of the platinum-filled stomatocytes after the 
addition of H2O2. The colours indicate the trajectories of different nanomotors. (d) 
Average mean square displacement (MSD) of the platinum-filled stomatocytes before 
and after the addition of H2O2, calculated from the tracking coordinates of 57 particles. 
Reprinted with permission from Wilson et al. (117). 
 
Recently, the focus has been on directing the movement of particles by creating 
local gradients in the form of ions, reactants or adhesivity. Neutrally charged 
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particles can be moved through chemical gradients that are created by osmotic 
pressure imbalances around the motor (118). It is hypothesised that the osmotic 
pressure creates potential energy in the system which is translated into motion. 
Also single enzymes are exploited as nanomotors. Riedel et al. proposed that heat 
released during catalysis created an asymmetric pressure wave. This generated a 
differential stress at the protein-solvent interface which displaced the centre-of-
mass of the enzymes, also called cheoacoustic effect (119). This was confirmed for 
enzymes such as DNA polymerase, urease and catalase (120). 
 
These enzymes showed in a concentration dependent manner diffusive movement 
in the presence of their substrate. It was shown that these enzymes spread toward 
areas of higher substrate concentration. By addition of GOx to catalase, a 
migration of catalase towards GOx was demonstrated, thereby showing that 
enzymes in a cascade can be drawn together (121, 122), as depicted in Figure 
1.14. Our group recently demonstrated directed movement of cargo-loaded 
polymeric nanoreactors along a hydrogen peroxide concentration gradient 
(chemotaxis) (123). Bowl-shaped poly(ethylene glycol)-b-polystyrene nanomotors 
were loaded with platinum nanoparticles entrapped in the cavity. The efficient 
response of these motors was shown by directional and autonomous movement 
towards hydrogen peroxide secreting neutrophil cells.  
 
 
 
Figure 1.14 Enzyme molecules as nanomotors. (a) Schematic representation of the Y-
shaped microfluidic channel used for chemotactic studies of ensembles of enzyme 
molecules. (b) Plot of mean normalized fluorescence as a function of lateral position 
along the width of the channel. A shift of catalase towards 100 mM glucose and glucose 
oxidase is observed. Reprinted with permission from Sengupta et al. (121). 
a) b)
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1.5 Aim of the research 
The research described in this thesis aimed to design, synthesise and study the 
behaviour of bio-inspired and adaptive nanosystems. A bottom-up approach that 
allows assembly of functional building blocks which can generate energy, adapt to 
their environment or can create motor- and switch functions was followed.  
 
Energy flux is essential to support function of far-from-equilibrium molecular 
systems and to maintain a far-from-equilibrium state. The use of an alternative 
natural energy source, light, is described in Chapter 2. The aim was to develop a 
well-known light-driven synthetic organelle for ATP synthesis based on a coupled 
deltarhodopsin-ATP synthase system and evaluate its long-term viability as a 
platform for ATP-dependent enzymatic processes and devices. Light is a free and 
available source of energy and allows precise control over amount and location. 
Key aspect in this research was the reconstitution of ATP-synthase and dR in 
active form in the membrane of lipid vesicles. The main challenge was to isolate 
the enzymes for this system from natural sources and reconstitute them in a 
synthetic system while remaining activity and functionality. 
 
As the system described in Chapter 2 was problematic, in Chapter 3 a 
rationally designed robust metabolic network was investigated, fueled by readily 
available natural energy sources such as glucose, under out-of-equilibrium 
conditions. In current research, the consumption of energy sources has mainly 
focused on multi-step enzymatic reactions reconstructing glycolysis, 
photosynthesis or synthesis of natural products. In this chapter, the aim was to 
build a regulatory network that can generate a function in a later step. By 
introducing regulatory mechanisms, for example feedback and feedforward loops, 
control over the metabolic flux was created which allowed for a tunable and 
sustained flux of metabolites, described by kinetic parameters.  
 
The second step was to study the effect of adding additional complexity to these 
functional pathways, by means of compartmentalisation in asymmetric porous 
nanoreactors. For this purpose a novel method was derived that allows for mild 
encapsulation of multiple enzymes into bowl-shaped particles. This enabled the 
construction of a nanoreactor that can perform mechanical work under out-of-
equilibrium conditions on natural fuels. (Chapter 4).  
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The implementation of the reaction network from Chapter 3 in a synthetic vesicle 
led to out-of-equilibrium mitochondria and chloroplasts mimicking organelles in 
which the fuel levels and reaction rates determined the behaviour of the assembly 
(Chapter 5). 
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2.1 Introduction 
Synthetic biology is the field of research which focuses on the reconstruction and 
engineering of biological processes and systems to construct new functions that 
may not exist naturally (1, 2). One aspect that has drawn recently much 
attention is the design and creation of biomimetic architectures that can convert 
and transduce energy by performing mechanical work, store information, sense or 
signal at the nano- or molecular scale. A versatile approach is to use naturally 
occurring motor systems, such as the actin-myosin complex (3) or ATP synthase 
rotors (4) and integrate them functionally in an in vitro setting. For these motors 
to operate properly, a compatible energy-source is required, for which in nature 
often adenosine 5’-triphosphate (ATP) is used. ATP is a universal energy source 
from which energy is released by a reaction that hydrolyses one of the high-energy 
rich phosphoanhydride bonds to form ADP and phosphate (see eq. 1) (5).     
 
ATP + H2O → ADP + Pi      ΔG = -38.8 kJ mol-1   (eq. 1) 
 
ATP is therefore also often applied as energy source for the construction of life-
like materials. When the machinery however is encapsulated in a compartment, a 
continuous flux of energy carriers into the compartment is required, which can be 
a potential problem due to permeability issues (6). ATP-regenerating systems 
based on pyruvate kinase and acetate or creatine kinase have been used to 
prevent that fuel runs out, however these methods transfer the issue of fuel 
limitation to another enzymatic substrate for ADP regeneration (7). Others have 
tried to bypass ATP by synthesising organic photo-reactive molecular motors (8). 
These light-sensitive molecules respond physically to light to perform tasks. Light-
driven ATP synthesis has also been previously reported (9-11). In these 
constructs, ATP was photo-synthesised by proteoliposomes with reconstituted 
F1F0 ATP synthase and bacteriorhodopsin as a light-driven H+-transporter in 
their membranes. Light is an energy source which is readily available and not 
hampered by compartmentalisation, and it allows for precise control over the 
amount of energy supplied and its location. 
 
In this chapter, a biomimetic approach of conversion of light energy into ATP is 
described. The aim was to create a system with a coupled activity of the energy-
transducing membrane protein deltarhodopsin (dR) and ATP synthase, detergent-
mediated reconstituted in lipid vesicles (Figure 2.1).  
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Figure 2.1 Diagram depicting the detergent-mediated reconstitution of dR and ATP 
synthase in a liposomal membrane. Photonic activation of the dR induces pumping of H+ 
into the interior of the liposome. A reverse flow of the protons through the ATP synthase 
induces the synthesis of ATP from ADP and Pi.  
 
After that, it was aimed to evaluate its viability as a platform for ATP-dependent 
enzymatic processes and devices. The main challenge was to isolate the ATP 
synthase and dR in active form and reconstitute them in the membranes of lipid 
vesicles. 
 
F1F0 ATP synthase is built up out of two parts, the membrane-embedded F0 
domain and a water-soluble F1 subunit. F0 works as a proton conductor whereas 
F1 functions as an ATPase. The F1 module is driven by the rotation of the central 
stalk that in its turn is driven by protons passing through the membrane domain 
F0 due to a proton gradient across the membrane. When the proton gradient, or 
proton motive force (pmf), is greater than the free energy drop in ATP hydrolysis, 
the F1 part rotates which means that ATP is synthesised when ADP levels are 
high. When the pmf is lower and ATP levels are high, it is energetically more 
favourable to hydrolyse ATP and protons are pumped back by reverse rotation of 
F0 (12-16).  
 
ATP synthase is found at relatively high concentrations in living systems ranging 
from bacteria such as E. coli and the thermophilic bacterium PS-3, to chloroplasts 
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and mitochondria of higher plants and animals. In the cellular environment, ATP 
synthase synthesises the major part of the ATP from ADP and Pi (17-20).  
 
For reliable functioning of ATP producing vesicles, highly pure proteins are 
required, which can be either isolated from spinach or obtained from expression 
and isolation in E. coli membranes. Firstly, we have chosen for ATP synthase 
from plant chloroplasts (CF1F0-ATP synthase) as a source because it is highly 
abundant, easily available and one of the best characterised F-ATPase’s. 
However, these isolated and purified ATP synthases performed poorly in the past 
in in vitro studies (21-24). Therefore, as an alternative we prepared proteosomes 
with a mutated thermophilic F1F0 ATP synthase reconstituted. This ATP 
synthase (TF0F1ε∆c), with a 10 - histidine tag at each β-subunit, lacks a C-terminal 
domain of the ε-subunit that is responsible for a regulative effect on ATP 
synthesis and hydrolysis (25-27).  
 
dR is a light-driven H+ pump, expressed by Haloterringena turkmenica, and has 
the same photocycle as the well-known bacteriorhodopsin (28). It binds the 
chromophore all-trans retinal and, when properly folded, it provides a 
characteristic purple colour to the cell membrane due to a strong absorption 
maximum at λ ≈ 550 nm (28). It was shown that dR can be easily expressed in E. 
coli membranes whereas bacteriorhodopsin showed low H+ transport activity 
when expressed in E. coli (27).  
The work described in this chapter is the first attempt of co-reconstitution of 
CF1F0 ATP synthase and TF0F1ε∆c ATP synthase with dR in lipid membranes. A 
precise control of ATP synthesis was expected through the regulation of area, 
time and intensity of light illumination, with the objective to use this production 
facility as energy source for far-from-equilibrium systems. 
2.2 Results and discussion 
2.2.1 Purification of CF1F0 ATP synthase and TF0F1ɛΔc ATP 
synthase 
The first objective of this study was to isolate and purify ATP synthase. For 
CF1F0 ATP synthase a variety of isolation and purification procedures exist (29, 
30) to extract the active complex from spinach. In this work the method 
published by Gräber et al. was implemented (31).  
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Chloroplasts were obtained from deveined leaves from fresh market spinach. For 
this, the leaves were homogenised, filtrated and centrifuged. An additional 
washing step with 150 mM NaCl was performed to remove associated Rubisco 
from the ATP synthase and to wash away soluble proteases and other lysing 
agents that were released during the cell disruption; furthermore, this washing 
step caused the chloroplasts to swell as a result of the osmotic pressure.  The 
amount of ATP synthase is directly related to the amount of light harvesting 
photosystem complexes (PSI and PSII) present in the thylakoid membranes (32). 
In every preparation, the total chlorophyll concentration was measured 
spectroscopically and adjusted. With an extraction buffer containing cholic acid 
and n-octyl-β-D-glycoside, thylakoid membrane proteins were isolated in 
detergent-lipid-protein micelle like structures.  
 
Ammonium sulphate precipitation was performed by addition of the salt in steps 
from 0% (w/w) to 30% (w/w) and a final step to 45% (w/w). The first fraction to 
30% (w/w) contained the insoluble and denaturated proteins while the second 
fraction contained most of the soluble CF1F0-ATP synthase (33). The purification 
was continued by differential sedimentation using sucrose density centrifugation 
in order to separate the detergent-lipid-protein structures, (see Figure 2.2 a). (34). 
Three bands were distinguished which contained light harvesting complex (25-36 
kDa range), ferredoxin oxidoreductase (33-34 kDa and 36-38 kDa) and CF1F0 
ATP synthase (35). The fractions, before and after the sucrose density 
centrifugation procedure were analysed by SDS-PAGE (Figure 2.2 B and C). 
Fractions 28 and 36 (w/w% sucrose) showed bands in the size area where bands 
from the light harvesting complex and ferredoxin oxidoreductase were expected, 
which were thus separated from fraction 44 (w/w% sucrose), containing CF1F0 
ATP synthase. Aside from the expected bands from ATP synthase, SDS PAGE 
analysis also indicated the presence of several unidentified proteins. From here, all 
buffers were supplemented with MgCl2. Mg2+ ions are required to keep the CF1 
bound to the membrane proton CF0 part (36, 37).  
 
TF0F1 ATP synthase from the thermophilic bacteria Bacillus PS3 is a well-
characterised protein complex; Km values have been determined for both 
substrates in vitro (0.3 - 0.4 mM for ADP and 6.3 - 10 mM Pi (23, 38). As the 
thermophilic TF0F1 ATP synthase showed to be robust, a mutated version was 
developed by Suzuki et al. which involved the deletion of the C-terminal domain 
that shows inhibitory behaviour for both ATP hydrolysis and synthesis (39).  
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Figure 2.2 (a) Separation of proteins after sucrose gradient centrifugation. Three bands 
were distinguished which contained the light harvesting complex (LHC); ferredoxin 
oxidoreductase (FR) and CF1F0. (b) SDS-PAGE of the 45% (w/w) ammonium sulphate 
precipitate in two different concentrations (lane 1 and 2). (c) Silver-stained SDS-PAGE 
of the sucrose fractions in the centrifuge tube after centrifugation; the greek symbols 
indicate the different synthase subunits.  
 
An increased synthetic activity was found for this mutant with Michaelis-Menten 
constants of 13 μM for ADP and 0.55 mM for Pi which are an order of magnitude 
lower than found for TF0F1 ATP synthase (25, 26). This mutated form was thus 
selected for our experiments.  
 
TF0F1ƐΔc ATP synthase was expressed in E. coli inner membranes with a 
decahistidine tag at the N-terminus of each ß-subunit, and subsequently isolated 
according to procedures described by Soga et al. (27). The protein was expressed 
in a F0F1-deficient E. coli strain (DK8) with the expression plasmid pTR10-
ASDS-ƐΔc. The protein was purified by Ni2+-NTA affinity chromatography and 
by anion exchange chromatography. Elution with a linear gradient of 0 – 500 mM 
Na2SO4 resulted in two closely located peaks, the first one eluting between 125 
mM and 187.5 mM Na2SO4 (fractions 20 – 25) and the second one (fraction 26 – 
35) between 187.5 mM and 300 mM Na2SO4, containing TF0F1ƐΔc ATP synthase, 
see Figure 2.3 (27). The purification of TF0F1ƐΔc was evaluated by SDS-PAGE 
analysis at each stage of the purification process from samples with and without 
the additional anion exchange chromatography purification (Figure 2.4).  
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Figure 2.3 Elution profile of TF0F1ƐΔc after anion exchange chromatography. The blue 
line shows the absorbance profile by UV detection at 280 nm. The green line represents 
the Na2SO4 concentration gradient. 
 
Figure 2.4 (a) SDS-PAGE of the TF0F1ƐΔc ATP synthase purification process by Ni2+-
NTA chromatography: Lane 1 – Bio Rad Precision Plus Protein Ladder. FT: flow 
through Ni2+ sepharose column. Lanes 1 – 7: 0.2 ml fractions of elution with 200 mM 
imidazole. (b) SDS-PAGE of the TF0F1ƐΔc ATP synthase purification process by anion 
exchange chromatography: Lane 1 – Bio Rad Precision Plus Protein Ladder. Lane 2: 
TF0F1ƐΔc ATP synthase before purification. Lane 23-31: elution fractions. 
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Analysing the SDS-PAGE image, the possible candidates for α, β, γ, δ, I, II and III 
could be identified (39). Subunits ε and c, from the FPLC purified sample, were 
however more difficult to detect. Besides the expected bands from ATP synthase, 
several other bands were visible which were not identified. The isolated ATP 
synthase was further processed, as described in section 2.2.4. 
2.2.2 Expression and purification of deltarhodopsin 
A pETHtdRHis expression plasmid was used to express dR in E. coli membranes 
(40). The membrane fraction containing dR was solubilised with 1.0 % n-dodecyl-
β-D-maltoside. The purple colour of the membrane pellet suggested a valid folding 
of the protein in the E. coli membranes (see Figure 2.5, inset) (28). With Ni2+-
NTA affinity chromatography, dR was isolated and a yield of 1.6 mg protein L-1 
culture was measured by means of a BCA assay.  
 
Figure 2.5 a shows the SDS-PAGE of purified dR. A single band at 25 kDa was 
observed which corresponds to that of the expected size of dR (~ 26 kDa). For 
bacteriorhodopsin, a size discrepancy is known between the actual protein size 
and that shown by gel electrophoresis due to a larger proportion of hydrophobic 
residues (41). The migration is in this case influenced by the loading of SDS and 
the final charged conformation (42). With absorbance spectroscopy, an absorption 
maximum (λmax) of HtdR was found of 543 nm (see Figure 2.5), which is blue-
shifted compared to an absorption maximum of ~ 570 nm for bacteriorhodopsin 
embedded in purple membranes.   
 
 
Figure 2.5 (a) SDS-PAGE of dR. (b) Absorbance spectrum of solubilised dR with an 
absorption peak at 550 nm. Insert: a purple solution is obtained after solubilising the 
membranes. 
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The solubilisation of the protein by detergents or lipids might cause this change in 
maximum wavelength and this effect is well known (28). 
2.2.3 Reconstitution in pre-formed liposomes 
Detergent-mediated reconstitution of ATP synthase and dR was performed by 
using pre-formed liposomes. A successful reconstitution is strongly dependent on 
the nature of the lipid bilayer as the hydrophobic parts of the protein will interact 
with the hydrophobic lipid tails while the hydrophilic parts of the proteins are 
exposed to the aqueous phase (43). The lipids used in this work were chosen 
based on results from literature that reported suitable candidates for successful 
reconstitution of the membrane proteins.   
 
For CF1F0 / dR, a lipid mixture of phosphatidylcholine (PC), phosphatidic acid 
and cholesterol in a molar ratio 9 : 1 : 0.5 was used. For TF0F1ƐΔc / dR, a mixture 
of E. coli polar lipids and egg PC in a ratio of 3 : 1 (w/w %) was chosen (44, 45).  
 
Pre-formed liposomes were extruded through 400 nm polycarbonate filters before 
the stepwise addition of Triton X-100 for destabilisation of the liposomes. By 
addition of the detergent, the liposomes swell which can be measured by the 
turbidity at 540 nm of the solution (46). The solubilisation of liposomes can be 
described in three stages (I, II and III) with increasing detergent concentrations, 
see Figure 5.6 a. In the first stage, non-micellar detergent molecules integrate in 
the lipid bilayer. Subsequently, liposomes start to solubilise and lipid-detergent 
micelles are formed (Rsat). In the final state, liposomes achieve complete 
solubilisation (Rsol). First an increase in turbidity is observed upon addition of 
detergent followed by a drop until complete dissolution, see Figure 2.6 b. 
 
The reconstitution of membrane proteins has proven to be most efficient at 
detergent concentrations at which the turbidity decreases to 50% of the measured 
value at the saturated state (Rsat in Figure 2.6). For most proteins, under these 
conditions the proteins favour insertion in one direction (47). Subsequently, slow 
removal of the detergent by using polystyrene beads (Bio-BeadsTM SM-2) leads to 
the formation of tightly sealed proteosomes. Following this procedure, the 
liposomes with the inserted proteins (proteosomes) were shown to have a 
hydrodynamic diameter of 120 ± 19 nm, as determined by dynamic light 
scattering (Figure 2.6 c).   
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Figure 2.6 (a) For reconstitution of ATP synthase and dR, preformed liposomes were 
titrated with Triton X-100. Three stages can be described. I, integration of detergent in 
the lipid bilayer, II, solubilisation of liposome and formation of detergent micelles, III, 
complete solubilisation of liposome. (b) During the stepwise addition of detergent, the 
state of the liposomes was followed by measuring the absorbance at 540 nm. Rsat and Rsol 
refer to the states where the membranes are saturated and fully solubilised with 
detergent. At 0.5 Rsat the destabilised liposomes were combined with the purified 
membrane proteins of interest. By subsequent removal of detergent by Bio-BeadsTM, 
liposomes with incorporated membrane proteins are obtained. (c) Hydrodynamic 
diameter of typical proteosomes reconstituted with TF0F1ƐΔc ATP synthase and dR. 
 
The proteosomes (1-4) that were prepared are listed in Table 2.1. Protein/lipid 
and the ATP synthase/dR ratios were applied according to literature procedures. 
Samples (1) and (3) could be tested on their ability to perform light-induced ATP 
synthesis (section 2.2.4). Sample (2) was tested for ATP synthesis by an acid-base 
transition (section 2.2.5) and for ATP hydrolysis by means of a two-enzyme 
cascade (section 2.2.6). Sample (4) was tested as control for background activity.  
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Table 2.1 Overview of the types of proteosomes that were prepared. 
 
No. Protein ATP synthase dR ATP synthase/dR 
 lipid/protein 
(w/w%) 
lipid/protein 
(w/w%) 
(1) TF0F1ƐΔc / dR 100 (27, 45) 20 (48) 1 : 5 (48) 
(2) TF0F1ƐΔc 100 (27, 45) N.A. N.A.
(3) CF1FO / dR 133 (49) 20 (48) 1 : 6.7 (49) 
(4) dR N.A. 20 (48) N.A.
2.2.4 Light-induced ATP synthesis 
ATP synthesis was quantitatively determined with a bioluminescence assay using 
luciferin and luciferase. Luciferase catalyses the oxidation of luciferin by 
consumption of ATP and this reaction generates luminescence which is 
proportional to the amount of ATP present in the sample, see Scheme 2.1 (50).  
 
 
Scheme 2.1 Bioluminescent reaction catalysed by firefly luciferase. 
 
For light-induced ATP synthesis, the proteosomes were illuminated for 30 min. 
After illumination, the samples were left for 30 min to allow for the generation of 
the transmembrane H+-gradient. ATP synthesis was initiated by the addition of 
ADP and ATP synthesis was followed by measuring bioluminescence. Figure 2.7 
shows typical luminescence profiles of light-induced ATP synthesis by (1). 
Samples (2) and (4) were treated in the same way, as negative controls. 
 
Figure 2.7 a clearly demonstrates ATP production over time by (1). No enhanced 
activity is however observed when illuminated proteosomes are compared to 
proteosomes kept in the dark. This would suggest a strong background activity by 
an unknown component. Sample (4) also exhibits unexpected high activity 
compared to (1) and (2) and suggests that a contamination present in 
proteosomes containing dR produces ATP. It is not clear why the background 
activity of (1) is almost double the background activity of (4) as (2) shows no 
activity at all.  
Chapter 2 
46 
 
Figure 2.7 (a) Typical progress curves of ATP synthesis from liposomes reconstituted 
with different protein combinations, (1), (2) and (4), irradiated with light (dots) or kept 
in the dark (squares). The final concentrations of TF0F1εΔc and dR were 4.8 µg mL-1 and 
64 µg mL-1 respectively. At 21 min, 100 pmol of ATP was added for luminescence 
calibration. (b) ATP formation from a dilution row of irradiated (1). A proteosome 
concentration dependent ATP production is visible. The final concentrations of TF0F1εΔc 
were 4.8, 3.6, 2.4, 1.2 and 0.6 µg mL-1. 100 pmol of ATP was added at 21 minutes for 
luminescence calibration.  
 
A proteosome concentration row of (1), and thus an enzyme concentration row, 
was measured upon illumination and shows that activity is proportional to the 
proteosomes concentration. This confirms that the activity originates from (1), 
although the exact active compounds are unknown.  
 
Sample (3) was measured in a similar way as (1), (2) and (4) and gave an ATP 
synthesis rate of 45.2 µmol min-1 mg-1 after illumination with light. A sample that 
was kept in the dark gave an ATP synthesis rate of 33.1 µmol min-1 mg-1. These 
rates are much higher than the rates found for (1), but are comparable with rates 
found in literature (24). An activity assay on a dilution row of proteosomes 
showed concentration dependent ATP synthesis as well. These results would 
suggest that the difference between rates upon illumination and under dark 
conditions, 12 µmol min-1 mg-1, can be assigned to ATP photosynthetic activity.  
 
In order to assign the ATP synthesis to the specific activity of ATP synthase, the 
experiments were repeated in the presence of N,N'-dicyclohexylcarbodiimide 
(DCCD), a well-studied inhibitor of this enzyme complex (51). DCCD can bind to 
the carboxylic acid of the proteolipid subunit (c subunit) in F0. It blocks H+ 
transport that is crucial for ATP synthesis and hydrolysis. The sensitivity of (1) 
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and (3) to DCCD was assayed by adding the inhibitor to light-illuminated 
proteosomes in the presence of the luciferin-luciferase assay. From progress curves 
of ATP production, initial slopes were measured and listed in Table 2.2.  
 
Table 2.2 Effect of DCCD on ATP synthesis by (1) and (3).  
 
No. ATP synthesis ATP synthesis
with DCCD 
% inhibition 
(µmol min-1 mg-1) (µmol min-1 mg-1)  
 light dark light dark light dark 
(1) 0.051 0.048 0.051 0.049 0.0 0.0 
(3) 45.2 33.1 28.8 30.3 36.2 8.5 
 
The activities of (1) indicate no effect of the presence of inhibitor DCCD on ATP 
synthesis. For (3), an inhibition of 36.2 % is measured, when the sample is 
incubated with DCCD. In the sample, incubated in the dark, a drop in activity of 
8.5 % is observed. This low value is expected as we do not expect activity of the 
ATP synthase under dark conditions. Assuming that the concentration of DCCD 
was saturating and inhibition of (3) was 100%, it can be concluded that a 
maximum of 36.2 % of the ATP synthesis measured from (3) is produced by 
photosynthesis.  
 
Where (3) shows some light-dependent activity, (1) did not show any light-
induced ATP synthesis. Despite the fact that the method for isolation and 
purification from E. coli is relatively simpler and faster than from spinach leaves, 
it is not unexpected that the isolation did not yield 100% pure proteins (52). 
Especially, the expression of proteins at high levels in E. coli often results in low 
levels of contaminants which are difficult to determine. Also (partly) denaturation 
or disassembly of one of the proteins or subunits during the preparation can cause 
dysfunctionality. SDS PAGE analyses of both protein preparations show several 
protein bands apart from the expected ATP synthase units. On the gels, the 
possible conflicting contamination of adenylate kinase (AK, ~ 23 kDa) cannot be 
ruled out, which is a known source of background activity in this type of research 
(53). AK exists in multiple forms in E. coli and is a phosphotransferase that 
catalyses the reaction given in equation 2:  
       
2 ADP	⇌ ATP + AMP       (eq. 2). 
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AK has a high catalytic activity with a Km  for ADP of 90 µM (54). Nanomolar 
concentrations of AK are sufficient to generate ATP from ADP when this is 
added externally. To investigate the presence of AK in the protein extracts, the 
inhibitor for AK, P1,P5-Di(adenosine-5')pentaphosphate (Ap5A) was tested. This 
inhibitor for AK is however not compatible with the luciferin-luciferase reactions 
as it reacts directly with luciferase under light emission (55). Therefore the 
inhibitor was tested in section 2.2.6 in an ATP hydrolysis assay. 
 
In order to assign the activity to the coupled activity of CF1F0 ATP synthase and 
dR, the H+ pumping ability of dR needs to be confirmed by performing assays via 
encapsulation of fluorescent pH-sensitive pyranine in liposomes harbouring dR. In 
this set-up external pyranine should be quenched by addition of the membrane-
impermeable cationic quencher p-xylene-bis pyridinium bromide. Initial attempts 
were made, though no conclusive results are obtained yet. 
 
An enhanced activity of ATP synthesis can be possibly obtained by increasing the 
incubation temperature of TF0F1εΔc to 65 °C for (1) as the protein works optimal 
at that temperature. At the same time, the integrity of the liposomes should be 
controlled as well as evaporation of the sample. Also the enzyme activity should 
be followed throughout the isolation and purification process. Besides that, the 
Bio-BeadsTM that are used for detergent removal during reconstitution, need to be 
selected from several lots to obtain maximal activity (27). In addition, it was 
found that the amounts of Bio-BeadsTM added to the lipid-protein-detergent 
mixtures and the incubation times should be optimised for each lot (47). 
Furthermore, the ratio dR to ATP synthase should be adjusted for optimal ATP 
synthesis rates. Finally, it should be noted that the orientation of the enzyme in 
this reconstituted membrane is not evaluated and no correction for the activities 
were made for misoriented ATP synthase. This might lead to underestimated 
activities. 
2.2.5 ATP synthesis by acid-base transition 
In the previous sections, the activity of (1) was found to be very low and showed 
relatively high background activities of a yet unidentified compound that was 
introduced concomitantly with dR. To assess the activity of ATP synthase by 
itself in the absence of dR,  ATP synthesis of (2) was analysed with an acid-base 
transition, schematically depicted in Figure 2.8. 
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Figure 2.8 Chemiosmotic activation of ATP synthesis by (2) with reconstituted 
valinomycin (VAL). A proton and K+ gradient were applied which enables synthesis of 
ATP from ADP and Pi. 
 
This system is based on chemiosmotic activation of ATP synthesis. According to 
Mitchells’ chemiosmosis, in nature, the respiratory chain converts redox energy 
into an electrochemical gradient of protons (proton-motive force, pfm) which 
drives ATP synthesis from ADP and Pi by ATP synthase (56). By translocation 
of n protons from the internal to the external compartment and with an excess of 
ADP, ATP can be synthesised according to equation 3:  
 
ADP + Pi 	⇌ ATP        (eq. 3). 
 
TF0F1εΔc was reconstructed into permeabilised liposomes in an acidic buffer (pHin 
5.7) and [K+] = 0.6 mM, to obtain a low internal [K+] and pH (57). The K+-
selective ionophore valinomycin was added freshly to the buffer prior to use which 
kept the liposomes permeable for K+. The influence of different pH values on the 
efficiency of reconstitution was investigated by Turina et al. and it was shown 
that in the range of the experiment, the pH has no influence on the efficiency of 
reconstitution (31). Subsequently, the proteosomes were injected into a basic 
mixture to change the pH outside the liposomes (pHout) to 8.8 and the external K+ 
concentration ([K+]out) to 105 mM. The ΔpH and change in K+ concentration, 
Δ, in the presence of the ionophore generated thus a transient pmf. Both 
gradients contributed to the transmembrane electrochemical potential difference 
ADP + Pi
ATP
pHin= 5.85
[K+in] = 0.6 mM
pHout= 8.8
[K+out] = 105 mM
VAL
K+out
K+in
H+in
H+out
Chapter 2 
50 
which can be described as ∆ߤ	෥ுశ ൌ 	∆ߤ	෥ுశሺ݅݊ሻ െ ߤ	෥ுశሺ݋ݑݐሻ and is expressed in 
terms of the transmembrane ΔpH = pHout - pHin and the transmembrane potential 
difference: Δ = in  out. The transmembrane electrochemical potential 
difference tells how much energy is required or released when 1 mole of protons is 
moving across a membrane, which can be converted into a pmf at room 
temperature by equations 4-6: 
 
pmf =  ∆ఓಹశி 	= Δ  2.3 	
ோ்
ி ΔpH     (eq. 4), 
 
with F as the Faraday constant and R the gas constant. At room temperature 
 
pmf = Δ - 0.059ΔpH        (eq. 5), 
 
with Δ defined with the Nernst equation as:     
Δ = 2.303 ோ்ி 	ln 
ሾ௄శሿ೚ೠ೟
ሾ௄శሿ೔೙           (eq. 6).  
For most biological membranes containing ATP synthases, the pmf values are 
estimated between 120 and 200 mV or ∆ߤ	෥ுశ between 11.6 and 19.3 kJ mol-1 (58). 
The energy required for ATP synthesis under physiological conditions, is around 
50 kJ mol-1 (~ 520 mV). With a pmf of 120 - 200 mV, at least 3 protons should be 
transferred to obtain the required energy for the synthesis of 1 ATP molecule. In 
the experiments described in this chapter, [K+] increased from 0.6 mM to 105 mM 
which gives a transient pmf, Δ, of 304 mV. The pHout changed from 5.7 to 8.8 
and contributes to the overall pmf with 185 mV. This should be sufficient for 
ATP synthesis (31). The ATP synthase activity was measured and an activity of 
57.1 ± 5.7 nmol ATP min-1 mg-1 ATP synthase was found. A similar experiment 
was performed in the presence of DCCD and resulted in an activity of 51.9 ± 6.3 
nmol ATP min-1 mg-1 ATP synthase, which is in the same regime as the 
experiment without inhibitor. This activity is also in a similar range as was found 
for light-induced ATP synthesis as was shown in section 2.2.4. In literature, for a 
similar experiment as performed in this section, an activity of 32.7 nmol ATP 
min-1 mg-1 ATP was found, however no control experiments with DCCD were 
performed (27). Instead, the proton and K+ uncouplers carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone and nigericin were used to inhibit ATP 
synthesis.  
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From this work it can be concluded that ATP synthesis is observed. It is however 
not clear why there is no inhibition upon addition of DCCD and the exact 
mechanism of the observed ATP synthesis can be therefore not explained based 
on the results described in this section.  
2.2.6 ATP hydrolysis by proteosomes 
Finally, the rate of ATP hydrolysis of (2) was assayed by monitoring ADP 
production via a two-enzyme cascade reaction, schematically depicted in Figure 
2.9. In these two enzymatic reactions, ADP formed by the ATPase is regenerated 
to ATP by pyruvate kinase and phosphoenolpyruvate (PEP). In turn, pyruvate 
production is detected via an oxidation reaction of β-NADH, catalysed by L-
lactate dehydrogenase. One molecule of β-NADH, oxidised to β-NAD+ corresponds 
to the production of one molecule ADP by ATPase.  
 
 
 
Figure 2.9 β-NADH linked enzymatic assay for ATPase activity determination.   
 
The oxidation of β-NADH to β-NAD+ can be followed optically by the decrease of 
β-NADH absorption at 340 nm. Advantageous for this assay is that the 
ATP/ADP concentrations remain constant which is beneficial as ATP synthase 
exhibits complex allosteric mechanisms for ATP (59). Activity assays were 
performed and the initial slopes of β-NADH consumption are listed in Table 2.3. 
To evaluate the influence of adenylate kinase in this system, experiments were 
performed in the presence or absence of Ap5A, an inhibitor of ADK, and with 
DCCD as described before. ATP hydrolysis was observed in all experiments. The 
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absence of inhibition by DCCD suggests however that ATP hydrolysis is induced 
by another process than the hydrolysis by ATP synthase. 
 
Table 2.3 ATP hydrolysis activities of sample (2) with inhibitors DCCD and Ap5A. 
 
 
An aspect that is not tested however is the detachment of F1 from F0. Isolated F1 
is shown to retain ATP hydrolysis activity but not ATP synthesis function. When 
this occurs, DCCD will not affect the hydrolysis by F1 (60, 61). Ap5A showed a 
strong inhibitory effect on ATP hydrolysis. These results suggest that ATP 
synthesis and hydrolysis reported in this chapter were mainly produced by AK.   
2.3 Conclusions 
The aim of this study was to develop a light energy transducing system that is 
able to synthesise ATP out of ADP and Pi. A light-sensitive proton pump dR was 
expressed and purified and coupled with either CF1F0 ATP synthase or the 
genetically improved TF0F1εΔc ATP synthase in liposomes, so-called proteosomes.  
 
The ATP synthases were isolated from spinach or expressed and purified from E. 
coli membranes. The expression and purification of dR yielded a purple-coloured, 
single band protein of ~ 25 kDa. The proton-pumping activity of this protein was 
however not confirmed and more work needs to be done to verify proper 
functioning of dR. The activity assays of the proteosomes yielded no conclusive 
results due to a high background activity and unclear ATP synthesis activity. 
The SDS-PAGE analysis of the purified samples showed the expected bands but 
gave no information about the integrity of the enzyme. The insensitivity of ATP 
synthase towards DCCD suggested that the protein was either inactive or 
detachment of the F1 subunit from the F0 subunit had occurred.  
 
From this work, it can be concluded that membrane protein purification is 
challenging, even when protocols reported in literature have shown successfully 
No. Inhibitor ATP hydrolysis (μmol mg-1 min-1) 
 % inhibition 
(2) - 0.876
(2) DCCD 0.899 0.0
(2) Ap5A 0.221 75.4
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purified ATP synthase. This work showed that the reconstitution of membrane 
proteins from natural sources into synthetic systems is not straightforward in 
terms of remaining activities and the presence of contaminations. 
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2.5 Experimental 
Materials 
Spinach was freshly obtained from the market. Tricine, sucrose, NaCl, Tris, 
MgCl2, acetone, dithiothreitol (DTT), (NH4)2SO4, MgATP,  Na-cholate,  n-octyl-
β-D-glucoside, NaH2PO4, EDTA, n-dodecyl-β-D-maltoside, 2x YT, ampicillin, 
HEPES, glycerol, serine protease inhibitor, cholic acid, Triton X-100, KCl, 
imidazole, sodium sulphate, DCCD, pyruvate kinase (PK), L-lactate 
dehydrogenase (LDH), sodium phosphoenolpyruvate and β-NADH were used as 
received from Sigma-Aldrich. ADP, received from BioThema, was purified from 
ATP by incubation with glucose and Mg2+, in the presence of hexokinase. 
Hexokinase was removed by gel-filtration. Protein determination was performed 
with a Pierce BCA assay. E. coli BL21(DE3) pLysS cells were obtained from 
Promega. Phosphatidylcholine (PC), phosphatidic acid (PA), cholesterol, dioleoyl-
phosphatidylethanolamine (DOPE), dioleoyl-phosphatidylglycerol (DOPG), and 
dioleoyl-phosphatidylcholine (DOPC) were obtained from Avanti Polar Lipids. 
Bio-BeadsTM SM-2 were obtained from Bio-Rad. The luciferin/luciferase assay kit 
(SL) was received from BioThema. 
Instruments 
For the isolation of CF1F0 ATP synthase and TF0F1ƐΔc ATP synthase the 
following instruments were utilised:  
The membranes were obtained with a juicer or a cell disrupter system TS2 
(Constant Systems LTD). 
The following centrifuges and rotors were employed for isolation: Sorvall RC-5 
superspeed centrifuge with rotors GS3 and JA-40, a Sorvall Discovery 100 
ultracentrifuge with a fixed angle T1270 rotor and a vertical 70V6 rotor, a 
Beckman J2-MC centrifuge and a Beckman Coulter Avanti J-20 XP centrifuge 
equipped with a JA 25.50 rotor and Beckman MLA-80 rotor. 
Purification was performed using an Amersham Biosciences / GE Healthcare 
AKTA FPLC System, a GE Healthcare Hi-Prep TM DEAE FF 16/10 and a 
Resource Q (6 ml, GE Healthcare) column with a GE Healthcare AKTA FPLC 
System. 
 
A Ni2+-NTA acid column was received from Qiagen, Germany. Liposomes were 
extruded with an extruder device from Avanti lipids.  
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The activity assays were recorded using a Wallac Multilabel Counter (Perkin 
Elmer) for luminescence. β-NADH absorbance was measured in a 96-well plate 
with a Tecan Infinite PRO 200 (Tecan Group Ltd.).  
 
Dynamic light scattering (DLS) measurements were recorded on a Malvern 
Instrument Zetasizer Nano-S (ZEN 1600), equipped with a He–Ne laser (633 nm, 
4 mW) and an Avalanche photodiode detector at an angle of 173 °. The DLS data 
were processed and analysed with Dispersion Technology Software (Malvern 
Instruments). 
Isolation and purification of CF1F0 ATP synthase 
CF1F0 complex was isolated from spinach leaves according to literature procedures 
(34, 62) with some modifications. Two to three kg of fresh spinach was washed, 
deveined and homogenized in a juicer. The homogenate was collected into 1 L of 
buffer 1A (20 mM tricine, 400 mM sucrose, 20 mM NaCl, pH 8.0) The solution 
was filtered over a nylon cloth and centrifuged at 9950 g for 30 minutes at 4 ºC 
(GS3 rotor). The pellets were resuspended in buffer 1B (10 mM Tris, 0.5 mM 
MgCl2, pH 8.0) and centrifuged at 16.000 g for 15 min at 4 ºC in a Beckman 
centrifuge with a fixed angle JA-40 rotor. The pellets were resuspended in 50 mL 
buffer 1C (10 mM Tris, 150 mM NaCl, 0.5 mM MgCl2, pH 8.0) and diluted to 1 L 
with remaining buffer 1C with stirring for 15 min.  
 
The thylakoid membranes were centrifuged for 25 min at 16.000 g at 4 ºC (JA-40 
rotor). The remaining pellets were resuspended in a minimal volume of buffer 1D 
(400 mM sucrose, 50 mM tricine, 5 mM MgCl2, pH 8.0). The chlorophyll 
concentration was determined by diluting 300 μl of the isolated thylakoid 
membranes with 4.7 ml H2O. From this solution, 25 μl was dissolved in a 1 mL 
mixture of 80 % acetone / 20% H2O (v/v). Precipitates were removed with a 
table-top centrifuge prior to absorbance measurement at respectively 646 nm and 
663 nm. The total chlorophyll concentration was calculated with equation 7 (32, 
34): 
 
[Chl]total = (17.32A646 + 7.18A646)683     (eq. 7).  
 
With buffer 1D, the thylakoid membrane suspension was adjusted to  
5 mg mL-1 and supplemented with 50 mM dithiothreitol (DTT). An equal volume 
of buffer 1E (20 mM tricine, 200 mM sucrose, 5 mM MgCl2, 400 mM (NH4)2SO4, 2 
mM ATP, 25 mM Na-Cholate, 60 mM n-octyl-β-D-glucoside, 50 mM DTT) was 
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added and the mixture was gently stirred for 30 min at 4 ºC. The membrane 
proteins were centrifuged for 60 min at 208.000 gmax at 4 ºC in a T1270 rotor. To 
the supernatant, ammonium sulphate was slowly added under stirring in 2 steps. 
After raising the concentration to 30% ammonium sulphate, precipitate was 
centrifuged for 15 min, 4 ºC at 3220 g with an Eppendorf 5810R centrifuge, 6 x 
50ml. Soluble CF1F0 was supposed to be found in the precipitate of the second 
step with a total ammonium sulphate concentration of 45%. The precipitate was 
resuspended in buffer 1F (30 mM NaH2PO4, 200 mM sucrose, 2 mM MgCl2, 0.5 
mM EDTA, 4 mM n-dodecyl-β-D-maltoside).  
 
A sucrose density gradient centrifugation (SGC) was performed for further 
purification. 10 ml aliquots of the previous step were mixed with an equal volume 
of buffer 1G (30 mM NaH2PO4, 2 mM MgCl2, 0.5 mM EDTA, 4 mM n-dodecyl-β-
D-maltoside). Beckman Quick Seal Ultra Clear tubes were filled with 6 sucrose 
layers of 850 μl from 20 - 60 %. On top of the gradients, 850 μl of enzyme 
solutions were layered. After sealing, the tubes were centrifuged for 14 hours at 
257,354 gav, 4 ºC in a 70V6 rotor with the deceleration set at 1 to allow 
reorientation. The CF1F0 was removed from the desired layer by puncturing the 
tube from the side with a needle and a syringe (34). Final purification was 
performed with anion exchange perfusion chromatography (AEPC) using an 
FPLC system equipped with a HiPrepTMDEAE FF 16/10 column (GE 
Healthcare). The system was equilibrated with buffer 1F (20 mM Tris, 20 mM 
MgCl2, 2 mM n-dodecyl-β-D-maltoside). CF1F0 was eluted using a 100 – 410 mM 
NaCl solution (63). Purified CF1F0 was analysed by SDS-PAGE.  
Isolation and purification of TF1F0ƐΔc ATP synthase 
TF0F1ƐΔc ATP synthase was aerobically expressed in an F0F1-deficient E. coli 
strain (DK8) harbouring pTR19-ASDS-ɛΔc in 2 x YT medium containing 
ampicillin (100 μg mL-1) at 37 ºC for 20 h. Cells (OD600 = 0.8) were centrifuged at 
7480 g for 15 min at 4 ºC. The pellet was washed with buffer 2A, centrifuged 
again and resuspended in buffer 2A (10 mM HEPES/KOH, pH 7.5, 5 mM MgCl2 
and 10% glycerol) to a concentration of 7 ml buffer g-1 wet pellet. Serine protease 
inhibitor (PMSF) was added to the cell suspensions from a freshly made 100 mM 
stock in ethanol. Cells were disrupted with a Constant cell disrupter system TS2 
at 25 kPSI and subsequently centrifuged at 27,216 g for 20 min at 4 ºC.  The 
supernatant was centrifuged for 90 min at 70,000 g. The pellet, containing the 
membrane fraction, was resuspended in buffer A. The total protein concentration 
was determined with a BCA assay. The membrane vesicles were solubilised by 
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diluting 2 x with buffer 2B (20 mM Hepes, 10 mM MgCl2, 1% w/v cholic acid, 4% 
(v/v) Triton X-100, pH 7.5) and centrifuged for 47 min on 235,000 g. The 
supernatant was diluted six-fold with 2C-buffer (20 mM KPi, 100 mM KCl, 20 
mM imidazole, pH 7.5). A Ni2+-NTA acid column (Qiagen, Germany) was washed 
with 10 column volumes of 2D-buffer (20 mM KPi, 100 mM KCl, 20 mM 
imidazole, 0.15% (w/v) n-decyl-β-D-maltoside, pH 7.5). The supernatant was 
applied to the column and washed with 10 column volumes of 2D-buffer. TF1F0ƐΔc 
ATP synthase was eluted in 0.2 mL fractions (total 2 mL elution volume/column) 
of 2E-buffer (20 mM Hepes, 200 mM imidazole, 0.15% (w/v) n-decyl-β-D-
maltoside, pH 7.5). The suspension was applied to a Resource Q (6 ml, GE 
Healthcare) column and eluted with 2F-buffer (20 mM Hepes, 0.15% (w/v) n-
decyl-β-D-maltoside, pH 7.5) supplemented with different concentrations of 
Na2SO4. A linear gradient was performed with a elutionrate of 0.5 ml mL-1 (1 ml 
fractions), 10 ml 0 mM Na2SO4, 10-50 ml  0 – 500 mM Na2SO4, 5 ml 500 mM 
Na2SO4. The fractions were analysed by SDS-PAGE. The molar concentration of 
TFoF1εΔc was determined with UV spectroscopy, using a molar extinction 
coefficient at 280 nm: 253 000 M−1 cm−1 
Expression and isolation of dR in E. coli membranes 
Competent E. coli BL21(DE3) pLysS cells were transformed by heat shock 
treatment with the plasmid pETHtdR. Transformants were selected via ampicillin 
resistance. Cells harbouring the pETHtdR plasmid were grown to an OD600 = 0.3, 
followed by addition of IPTG (with a final concentration of 0.5 mM) and all-trans 
retinal (10 µM). After two hours of incubation, the cells were harvested and 
resuspended in buffer 3A. The cells were disrupted by sonication on ice for 4 
minutes (15 sec on/off) and centrifuged for 10 minutes at 12,000 g. Protein 
quantification was done by means of a BCA assay. The supernatant was 
centrifuged for 20 min at 185,000 g and the resulting membrane fraction was 
washed and solubilised in buffer 3B and incubated for 1 h at 30 ºC. The solution 
was diluted six-fold with buffer 3C. A Ni2+-NTA acid column (Qiagen, Germany) 
was washed with 10 column volumes of 3D-buffer. The supernatant was applied 
to the column and washed with 10 column volumes of 3D-buffer. dR was eluted in 
0.2 mL fractions of 3E-buffer and the fractions were analysed with SDS-PAGE. 
The purified protein was frozen in liquid N2 and stored at–80 °C until use. 
Preparation of destabilized liposomes 
For the preparation of (3), preformed liposomes were made from 
phosphatidylcholine (PC), phosphatidic acid (PA) and cholesterol in a molar ratio 
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of 9 : 1 : 0.5, using the reverse method described by Richard et al. (23). The final 
lipid concentration was adjusted to 4 mg mL-1. Homogeneous liposomes were 
obtained by 11 x extrusion by means of a pre-washed extruder device (Avanti 
lipids) through openings of 800, 400 and finally 200 nm. Before and after sizing, 
liposome dimensions were evaluated by DLS. Liposomes were stored under N2 
atmosphere and protected from light at -20 ºC. Destabilised liposomes were 
obtained by adding Triton X-100 under vortexing to a final concentration of 8 mg 
mL-1 while measuring the turbidity at 540 nm with absorbance spectroscopy. 
 
For the reconstitution of (1) and (2), stock solutions of dioleoyl-
phosphatidylethanolamine (DOPE), dioleoyl-phosphatidylglycerol (DOPG), and 
dioleoyl-phosphatidylcholine (DOPC)  in chloroform were prepared in the desired 
molar ratio to a lipid concentration of 32 mg mL-1 and dried in a rotary 
evaporator at 30 ºC for ~ 30 min. The lipids were redissolved in diethyl ether and 
subsequently dried in a rotary evaporator at 30 ºC for 30 min. The lipids were 
suspended in buffer 4A (20 mM KPi, 80 mM NaCl, pH 7.5) and allowed to swell 
for 30 min by gentle stirring. The lipids were further dispersed by sonication in a 
bath sonicator at 35 kHz for 5 minutes. An extruder device (Avanti lipids) was 
pre-washed with buffer 4A and the vesicles were extruded 11 times to a 400 nm 
polycarbonate filter to form unilamellar liposomes. The vesicles were diluted to 4 
mg mL-1 in buffer 4B containing 25 mM KPi, 50 mM Na2SO4, 2 mM MgCl2, pH 
7.5. Destabilized liposomes were formed by titration with 20 μl aliquots of 10% 
(v/v) Triton X-100 stock solution. After every addition, the tube was inverted 
and allowed to equilibrate for 30 s. The tube was gently inverted for complete 
mixing. After ~ 30 s, the destabilization of the liposomes was determined by 
measuring the optical density of the suspension at 540nm. More aliquots of 10% 
(v/v) were added till an optical density of 0.5 x Rsat was reached. 
Reconstitution of enzymes in liposomes 
Purified enzymes were added to the Triton X-100 destabilised liposomes in the 
desired lipid/protein ratio. Under gentle agitation, the sample was incubated for 
15 minutes at RT. Bio-BeadsTM SM-2 were equilibrated overnight with buffer 4B. 
In four additions, 40 mg of Bio-BeadsTM SM-2 were added per ml of protein-
liposome suspension and incubated with gentle agitation for respectively 30 min at 
RT, 60 min at 4 ºC, 120 min at 4 ºC and overnight at 4 ºC. The Bio-BeadsTM SM-
2 were removed by glass filtration. The proteosomes were collected by 
centrifugation at 267000 g (rav) for 20 min at 4 ºC and suspended to a 20 mg mL-1 
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lipid concentration in buffer 4B. Aliquots were flash-frozen in N2 (liq.) until 
further use. With DLS the integrity of the liposomes was confirmed. 
Light-induced ATP synthesis  
For light-induced ATP synthesis, the proteosomes were diluted in buffer 4A and 
illuminated with an 80 W lamp for 30 minutes. After illumination, the samples 
were left for 30 minutes to allow for the generation of the transmembrane H+-
gradient. ATP synthesis was initiated by the addition of substrate (ADP, 10 µl of 
a 5 mM stock solution). Immediately hereafter Biothema ATP kit SL reagent, 
Sweden (200 µl, reconstituted in buffer 4B) was added to the proteosome 
suspension (40 µl, 4 mg mL-1) and the change in luciferin emission was monitored 
continuously. When indicated, DCCD (5 µl of 150 mM in ethanol) was included 
in the reaction mixture. After 21 minutes, three times 5 µl of 10 µM ATP was 
added for calibration. As a control experiment, proteosomes were supplied with 
ADP but were kept in the dark. ATP content was measured in a similar way as 
described above. 
ATP synthesis by an acid-base transition 
For evaluating the ATP synthesis by acid-base transition, purified ATP synthase 
was reconstituted into preformed liposomes using a similar protocol as described 
in section Reconstitution of enzymes in liposomes. The buffer was replaced by an 
acidic buffer containing 20 mM succinic acid, 10 mM NaH2PO4, 2.5 mM MgCl2, 
0.7 mM ADP and 0.6 mM KOH, with the pH adjusted to 5.1 with NaOH. The 
final concentration TF1F0 and lipid were 40 mg mL-1 lipids and 0.16 mg protein 
mL-1. 
 
ATP synthesis, driven by an acid-base transition and a K+ potential was 
performed as follows. A basic reaction mixture was prepared by mixing 360 μL of 
the luciferin/luciferase mixture (reconstituted in basic buffer containing 200 mM 
tricine, 10 mM NaH2PO4, 2.5 mM MgCl2 and 120 mM KOH, with the pH 
adjusted to 8.8 with NaOH), 720 μL of a basic buffer (200 mM Tricine, 10 mM 
NaH2PO4, 2.5 mM MgCl2 and 120 mM KOH, with the pH adjusted to 8.8 with 
NaOH) and 72 μL of 5 mM ADP. This mixture was incubated for 5 min at 30 °C 
prior to use. The reaction was started by adding 100 µl of the acidic proteosome 
mixture, supplemented with 0.8 µl of 2.5 mM valinomycin (freshly prepared in 
ethanol), into 900 µl of the basic solution. The ATP synthesis was recorded by 
monitoring the luciferin emission. When indicated, DCCD (5 µl of 150 mM in 
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ethanol) was included in the reaction mixture. After 21 minutes, 5 µl of 10 µM 
ATP was added as internal standard for calibration. 
ATP hydrolysis 
The ATP hydrolysis rate of (2) was determined by measuring the ATPase 
activity using a coupled enzyme assay with pyruvate kinase (PK) and L-lactate 
dehydrogenase (LDH). A typical reaction mixture of 200 µl per well contained 50 
mM KPi, pH 7.0, 5 mM sodium phosphoenolpyruvate, 250 µM β-NADH and 600 - 
1000 units of PK and 900 – 1400 units of LDH. After incubation of the mixture 
for 3 min at 30 °C, freshly prepared ATP (10 mM, pH 7.0) was added. The 
fluorescence of β-NADH (λexc. 350 nm, λemm. 460 nm), was measured for 15 minutes 
at 30 ºC. The ATPase activity was calculated with equation 8:  
 
ATPase activity ቀఓ௠௢௟	஺்௉	௛௬ௗ௥௢௟௬௦௘ௗ௠௜௡	௠௚ ቁ= െ
ೣ
భబబబ
଺.ଶଶ	∙௠௚	஺்௉	௦௬௡௧௛௔௦௘   (eq. 8) 
 
where x = slope OD min-1.  
 
  
 Light-driven ATP synthesis by an ATP synthase/deltarhodopsin liposome system 
61 
2.6 References 
1. Serrano L (2007) Synthetic biology: promises and challenges. Molecular Systems 
Biology 3:158. 
2. Delgado A & Porcar M (2013) Designing de novo: interdisciplinary debates in 
synthetic biology. Systems and synthetic biology 7(1-2):41-50. 
3. Jia L, Moorjani S, Jackson T, & Hancock W (2004) Microscale Transport and 
Sorting by Kinesin Molecular Motors. Biomedical Microdevices 6(1):67-74. 
4. Soong RK, et al. (2000) Powering an inorganic nanodevice with a biomolecular 
motor. Science 290(5496):1555-1558. 
5. Singh R (2002) Biochemistry (Mittal Publications). 
6. Monnard PA & Deamer DW (2001) Nutrient uptake by protocells: a liposome 
model system. Origins of Life and Evolution of Biospheres 31(1-2):147-155. 
7. Crans DC, et al. (1987) Enzymatic regeneration of adenosine 5'-triphosphate: 
acetyl phosphate, phosphoenolpyruvate, methoxycarbonyl phosphate, 
dihydroxyacetone phosphate, 5-phospho-alpha-D-ribosyl pyrophosphate, 
uridine-5'-diphosphoglucose. Methods of Enzymology 136:263-280. 
8. Koumura N, Zijlstra RW, van Delden RA, Harada N, & Feringa BL (1999) 
Light-driven monodirectional molecular rotor. Nature 401(6749):152-155. 
9. Racker E & Stoeckenius W (1974) Reconstitution of Purple Membrane Vesicles 
Catalyzing Light-driven Proton Uptake and Adenosine Triphosphate 
Formation. Journal of Biological Chemistry 249(2):662-663. 
10. Yoshida M, Sone N, Hirata H, & Kagawa Y (1975) ATP synthesis catalyzed by 
purified DCCD-sensitive ATPase incorporated into reconstituted purple 
membrane vesicles. Biochemical and biophysical research communications 
67(4):1295-1300. 
11. Choi H-J & Montemagno CD (2005) Artificial Organelle:  ATP Synthesis from 
Cellular Mimetic Polymersomes. Nano letters 5(12):2538-2542. 
12. Noji H, Yasuda R, Yoshida M, & Kinosita K (1997) Direct observation of the 
rotation of F1-ATPase. Nature 386(6622):299-302. 
13. Ueno H, Suzuki T, Kinosita K, Jr., & Yoshida M (2005) ATP-driven stepwise 
rotation of F0F1-ATP synthase. Proceedings of the National Academy of 
Sciences 102(5):1333-1338. 
14. Kinosita K, Jr., Adachi K, & Itoh H (2004) Rotation of F1-ATPase: how an 
ATP-driven molecular machine may work. Annual review of biophysics and 
biomolecular structure 33:245-268. 
15. Adachi K, et al. (Coupling of Rotation and Catalysis in F1-ATPase Revealed by 
Single-Molecule Imaging and Manipulation. Cell 130(2):309-321. 
16. Junge W, Sielaff H, & Engelbrecht S (2009) Torque generation and elastic 
power transmission in the rotary F0F1-ATPase. Nature 459(7245):364-370. 
17. Boyer PD (1997) The ATP synthase--a splendid molecular machine. Annual 
review of biochemistry 66:717-749. 
Chapter 2 
62 
18. Deckers-Hebestreit G & Altendorf K (1996) The F0F1-type ATP synthases of 
bacteria: structure and function of the F0 complex. Annual review of 
microbiology 50:791-824. 
19. Yoshida M, Muneyuki E, & Hisabori T (2001) ATP synthase — a marvellous 
rotary engine of the cell. Nature reviews. Molecular cell biology 2(9):669-677. 
20. von Ballmoos C, Wiedenmann A, & Dimroth P (2009) Essentials for ATP 
synthesis by F1F0 ATP synthases. Annual review of biochemistry 78:649-672. 
21. Yoshida M, Sone N, Hirata H, & Kagawa Y (1975) ATP synthesis catalyzed by 
purified DCCD-sensitive ATPase incorporated into reconstituted purple 
membrane vesicles. Biochemical and biophysical research communications 
67(4):1295-1300. 
22. Sone N, Yoshida M, Hirata H, & Kagawa Y (1977) Adenosine triphosphate 
synthesis by electrochemical proton gradient in vesicles reconstituted from 
purified adenosine triphosphatase and phospholipids of thermophilic bacterium. 
The Journal of Biological Chemistry 252(9):2956-2960. 
23. Richard P, Pitard B, & Rigaud JL (1995) ATP synthesis by the F0F1-ATPase 
from the thermophilic Bacillus PS3 co-reconstituted with bacteriorhodopsin into 
liposomes. Evidence for stimulation of ATP synthesis by ATP bound to a 
noncatalytic binding site. The Journal of Biological Chemistry 270(37):21571-
21578. 
24. Pitard B, Richard P, Dunach M, & Rigaud JL (1996) ATP synthesis by the 
F0F1 ATP synthase from thermophilic Bacillus PS3 reconstituted into liposomes 
with bacteriorhodopsin. 2. Relationships between proton motive force and ATP 
synthesis. European Journal of Biochemistry 235(3):779-788. 
25. Masaike T, Suzuki T, Tsunoda SP, Konno H, & Yoshida M (2006) Probing 
conformations of the beta subunit of F0F1-ATP synthase in catalysis. 
Biochemical and biophysical research communications 342(3):800-807. 
26. Iino R, Hasegawa R, Tabata KV, & Noji H (2009) Mechanism of Inhibition by 
C-terminal α-Helices of the ϵ Subunit of Escherichia coli F0F1-ATP Synthase. 
The Journal of Biological Chemistry 284(26):17457-17464. 
27. Soga N, Kinosita K, Yoshida M, & Suzuki T (2011) Efficient ATP synthesis by 
thermophilic Bacillus F0F1-ATP synthase. The FEBS journal 278(15):2647-2654. 
28. Kamo N, et al. (2006) A light-driven proton pump from Haloterrigena 
turkmenica: Functional expression in Escherichia coli membrane and coupling 
with a H+ co-transporter. Biochemical and biophysical research communications 
341(2):285-290. 
29. P. F, Boekema, & E. and Gräber P (1987) Isolation and Characterization of a 
supramolecular complex of subunit III of the ATP-Synthase from Chloroplasts. 
Z. Naturforsch. 42c:1239 
30. Gräber P, Junesch U, & Schatz GH (1984) Kinetics of Proton-Transport-
Coupled ATP Synthesis in Chloroplasts. Activation of the ATPase by an 
 Light-driven ATP synthesis by an ATP synthase/deltarhodopsin liposome system 
63 
Artificially Generated ΔpH and Δψ. Berichte der Bunsengesellschaft für 
physikalische Chemie 88(7):599-608. 
31. Turina P, Samoray D, & Gräber P (2003) H+/ATP ratio of proton transport-
coupled ATP synthesis and hydrolysis catalysed by CF0F1–liposomes. The 
EMBO Journal 22(3):418-426. 
32. Wellburn AR & Lichtenthaler H (1984) Formulae and Program to Determine 
Total Carotenoids and Chlorophylls A and B of Leaf Extracts in Different 
Solvents. Advances in Photosynthesis Research, Advances in Agricultural 
Biotechnology, ed Sybesma C (Springer Netherlands), Vol 2, pp 9-12. 
33. Feng Y & McCarty RE (1990) Chromatographic purification of the chloroplast 
ATP synthase (CF0-CF1) and the role of CF0 subunit IV in proton conduction. 
The Journal of Biological Chemistry 265(21):12474-12480. 
34. Kirch RD (2002) The ATP synthase from spinach chloroplasts (Spinacea 
oleracea) : improved isolation and purification of the enzyme and 
conformational changes observed with fluorescent labels.Freiburg). 
35. Gozzer C, et al. (1977) Molecular heterogeneity of ferredoxin-NADP+ reductase 
from spinach leaves. Biochimica et biophysica acta 485(2):278-290. 
36. Murataliev MB, Milgrom YM, & Boyer PD (1991) Characteristics of the 
combination of inhibitory Mg2+ and azide with the F1 ATPase from 
chloroplasts. Biochemistry 30(34):8305-8310. 
37. Zhou JM & Boyer PD (1992) Magnesium-ADP and free inorganic phosphate as 
the substrates and the magnesium requirement for photophosphorylation. 
Biochemistry 31(12):3166-3171. 
38. Bald D, et al. (1998) ATP synthesis by F0F1-ATP synthase independent of 
noncatalytic nucleotide binding sites and insensitive to azide inhibition. The 
Journal of Biological Chemistry 273(2):865-870. 
39. Suzuki T, Ueno H, Mitome N, Suzuki J, & Yoshida M (2002) F0 of ATP 
Synthase Is a Rotary Proton Channel: obligatory coupling of proton 
translocation with rotation of c-subunit ring. The Journal of Biological 
Chemistry 277(15):13281-13285. 
40. Hara K, Suzuki R, Suzuki T, Yoshida M, & Kino K (2011) ATP Photosynthetic 
vesicles for light-driven bioprocesses. Biotechnology Letters 33(6):1133-1138. 
41. Bridgen J & Walker ID (1976) Photoreceptor protein from the purple 
membrane of Halobacterium halobium. Molecular weight and retinal binding 
site. Biochemistry 15(4):792-798. 
42. Rath A, Glibowicka M, Nadeau VG, Chen G, & Deber CM (2009) Detergent 
binding explains anomalous SDS-PAGE migration of membrane proteins. 
Proceedings of the National Academy of Sciences 106(6):1760-1765. 
43. Lee AG (2003) Lipid-protein interactions in biological membranes: a structural 
perspective. Biochimica et biophysica acta 1612(1):1-40. 
Chapter 2 
64 
44. Knol J, et al. (1996) Unidirectional Reconstitution into Detergent-destabilized 
Liposomes of the Purified Lactose Transport System of Streptococcus 
thermophilus. Journal of Biological Chemistry 271(26):15358-15366. 
45. Geertsma ER, Nik Mahmood NA, Schuurman-Wolters GK, & Poolman B 
(2008) Membrane reconstitution of ABC transporters and assays of translocator 
function. Nature Protocols 3(2):256-266. 
46. Knol J, Sjollema K, & Poolman B (1998) Detergent-Mediated Reconstitution of 
Membrane Proteins. Biochemistry 37(46):16410-16415. 
47. Geertsma ER, Nik Mahmood NAB, Schuurman-Wolters GK, & Poolman B 
(2008) Membrane reconstitution of ABC transporters and assays of translocator 
function. Nature Protocols 3(2):256-266. 
48. Rigaud JL, Paternostre MT, & Bluzat A (1988) Mechanisms of membrane 
protein insertion into liposomes during reconstitution procedures involving the 
use of detergents. 2. Incorporation of the light-driven proton pump 
bacteriorhodopsin. Biochemistry 27(8):2677-2688. 
49. Richard P, Rigaud JL, & Graber P (1990) Reconstitution of CF0F1 into 
liposomes using a new reconstitution procedure. European journal of 
biochemistry / FEBS 193(3):921-925. 
50. Lundin A & Thore A (1975) Analytical information obtainable by evaluation of 
the time course of firefly bioluminescence in the assay of ATP. Analytical 
Biochemistry 66(1):47-63. 
51. Toei M & Noji H (2013) Single-molecule analysis of F0F1-ATP synthase 
inhibited by N,N-dicyclohexylcarbodiimide. The Journal of biological chemistry 
288(36):25717-25726. 
52. Chen B, Sysoeva TA, Chowdhury S, Guo L, & Nixon BT (2009) ADPase 
activity of recombinantly expressed thermotolerant ATPases may be caused by 
copurification of adenylate kinase of Escherichia coli. The FEBS journal 
276(3):807-815. 
53. Deisinger B, et al. (1993) Purification of ATP synthase from beef heart 
mitochondria (F0F1) and co-reconstitution with monomeric bacteriorhodopsin 
into liposomes capable of light-driven ATP synthesis. European journal of 
biochemistry / FEBS 218(2):377-383. 
54. Monnot M, et al. (1987) Circular dichroism investigation of Escherichia coli 
adenylate kinase. The Journal of biological chemistry 262(6):2502-2506. 
55. Momsen G (1978) Firefly luciferase reacts with p1,p5-di(adenosine-5′-
)pentaphosphate and adenosine-5′-tetraphosphate. Biochemical and biophysical 
research communications 84(3):816-822. 
56. Dimroth P, Kaim G, & Matthey U (2000) Crucial role of the membrane 
potential for ATP synthesis by F1F0 ATP synthases. Journal of Experimental 
Biology 203(1):51-59. 
 Light-driven ATP synthesis by an ATP synthase/deltarhodopsin liposome system 
65 
57. Soga N, Kinosita K, Jr., Yoshida M, & Suzuki T (2011) Efficient ATP synthesis 
by thermophilic Bacillus F0F1-ATP synthase. The FEBS journal 278(15):2647-
2654. 
58. Nelson N, et al. (2000) The cellular biology of proton-motive force generation 
by V-ATPases. The Journal of experimental biology 203(Pt 1):89-95. 
59. Boyer PD (2002) A Research Journey with ATP Synthase. Journal of 
Biological Chemistry 277(42):39045-39061. 
60. Cook GM, et al. (2003) Purification and biochemical characterization of the 
F1F0-ATP synthase from thermoalkaliphilic Bacillus sp. strain TA2.A1. J 
Bacteriol 185(15):4442-4449. 
61. Tsunoda SP, et al. (2000) Observations of rotation within the F0F1-ATP 
synthase: deciding between rotation of the F(o)c subunit ring and artifact. 
FEBS Letters 470(3):244-248. 
62. Pick U & Racker E (1979) Purification and reconstitution of the N,N'-
dicyclohexylcarbodiimide-sensitive ATPase complex from spinach chloroplasts. 
Journal of Biological Chemistry 254(8):2793-2799. 
63. Hazard A & Montemagno C (2002) Improved purification for thermophilic 
F1F0 ATP synthase using n-dodecyl beta-D-maltoside. Archives of 
Biochemistry and Biophysics 407(1):117-124. 
 
 
Chapter 3 
 
An out-of-equilibrium 
enzymatic network 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter is part of: 
M. Nijemeisland, L. K. E. A. Abdelmohsen, W. T. S. Huck, D. A. Wilson and                  
J. C. M. van Hest, A compartmentalized out-of-equilibrium enzymatic reaction network 
for sustained autonomous movement, ACS Central Science, accepted.  
Chapter 3 
68  
3.1 Introduction 
The metabolism of cells consists of elaborate networks of interconnected pathways 
that continuously produce or break down molecules. These processes are required 
for the conversion of food to energy to run cellular processes, produce building 
blocks for proteins, lipids, nucleic acids and carbohydrates and for the elimination 
of waste products (1, 2). Scientists have been inspired by the numerous multi-step 
enzymatic processes that take place in the cellular environment and have explored 
the possibilities to apply the mechanisms of regulated metabolic pathways in 
synthetic systems (3, 4). Contrary to living systems, synthetic ones often have a 
limited number of functions, and do not exhibit self-regulatory properties, which 
results in energy inefficiency or failure when subjected to perturbations (5, 6). 
Implementing the ‘smart’ concepts from cellular systems in the construction of 
autonomous systems would lead to functional life-like materials that are able to 
perform functions such as energy regulation, self-repair and adaptation in areas 
ranging from nanomedicine to smart materials that can perform functions at the 
nanoscale (7-9).  
 
Despite the importance in cellular systems, the regulatory functions of metabolic 
pathways have not been applied extensively in synthetic systems (10-12) and much 
emphasis has been placed instead on multi-step enzymatic reactions reconstructing 
glycolysis (13), photosynthesis (13) or the synthesis of natural products (14). 
Crucially, the output of reaction cascades is simply the formation of a final product 
at a rate dependent on the slowest conversion step, and when the starting material 
starts to be consumed, the output slowly decays to zero. In contrast, reaction 
networks can produce oscillatory, adaptive or  homeostatic outputs, all depending 
on the network motifs. 
 
Natural pathways are regulated depending on the needs of the cell and the 
availability of the substrates (15-17). Each pathway consists of a series of 
subsequent biochemical reactions where the product of one reaction is the substrate 
for the next. The end product of a pathway is subsequently funnelled into another 
pathway, be stored for later use or is consumed directly. Cells, for instance, use the 
glycolysis pathway to extract energy from sugars, mainly glucose, and regulate and 
store it in adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide (β-
NADH) (18). 
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Glycolysis occurs in most organisms in the cytosol of the cell and is regulated by 
several mechanisms: the concentration of glucose, the concentrations of the rate-
limiting enzymes, allosteric regulation of enzymes, covalent modification of 
enzymes, for instance by phosphorylation, competition between intermediate 
products and hormone levels, for instance insulin, in the blood (19). Only three 
steps in the glycolysis pathway produce a large decrease in free energy, meaning 
these steps are considered as irreversible. Hexokinase (HK) or glucokinase for 
phosphorylation of glucose, phosphofructokinase (PFK-1) for phosphorylation of 
fructose-6-phosphate (F6P) and pyruvate kinase (PK), for a phosphate transfer 
from phosphoenolpyruvate to ADP, are responsible for catalysing these steps (18). 
The enzyme concentration is indirectly regulated by hormones that activate 
processes that affect their rate of transcription while the enzyme activity is often 
allosterically regulated (20) or altered by enzymatic modifications such as 
phosphorylation or glycosylation (21, 22).  
 
Allosteric regulation means that the protein is regulated by the binding of an 
effector molecule at a site different than the active site (20). This often leads to a 
conformational change of the protein structure and results in either a positive or 
negative effect on the binding affinity between substrate and the protein’s active 
site. Allosteric regulation is a common phenomenon in metabolic pathways and 
gives rise to feedback or feedforward loops from products or substrates that are 
more downstream or upstream in the pathway. HK is the first allosterically 
regulated enzyme in the glycolysis pathway that has a negative feedback 
mechanism. For HK, it was found that the product of the reaction that HK 
catalyses, glucose-6-phoshate (G6P), inhibits HK at higher concentrations (23). It 
prevents thus consumption of too much cellular ATP, a cofactor for HK, when 
glucose levels are not limited. High levels of G6P result in storage of excess glucose 
while at lower glucose levels, HK starts to metabolise it via the glycolysis pathway.  
 
PFK-1 is in its turn allosterically inhibited by high levels of ATP, low pH and high 
levels of citrate, thereby lowering the affinity for its substrate fructose-6-phosphate 
(F6P) (Figure 3.1). The inhibition of PFK-1 by H+ avoids formation of too much 
lactic acid and thus a drop in blood pH. On the other hand, high 
levels of adenosine monophosphate (AMP) and fructose-2,6-bisphosphate (F2,6BP) 
increase the rate of glycolysis by activating PFK. The ratio ATP/AMP therefore 
influences the activity of the enzyme.  
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Figure 3.1 Reaction scheme of the PFK reaction. The reaction is the rate-limiting step 
of glycolysis. PFK is both positively (green arrows) and negatively (red arrows) regulated 
by binding of effector molecules.  
 
The third regulated step of glycolysis is the conversion of phosphoenolpyruvate 
(PEP) into pyruvate in the presence of PK. PK is regulated both allosterically and 
by phosphorylation, see Figure 3.2 (23). High glucagon (low glucose) levels cause 
phosphorylation of PK which reduces the enzyme activity. In a dephosphorylated 
state, PK is more active. In the presence of the effector F-1,6-BP, which is produced 
already in an earlier step in the glycolysis pathway, a feedforward stimulation takes 
place by increasing the conversion rate of PEP and ADP into pyruvate and ATP 
(18).  
 
In this case, feedforward stimulation can be defined as the anticipatory effect that 
the intermediate exerts on another process further along in the pathway and can 
be either positive or negative. In general, feedforward regulation prevents 
accumulation of undesirable intermediates. When the glycolysis proceeds too fast 
and the concentration of ATP in the cell becomes too high, ATP starts to inhibit 
PK by a negative allosteric feedback loop. 
 
Often, metabolic pathways flow in one direction even though all chemical reactions 
are considered to be reversible. The conditions in the cell are often such that the 
flux of a reaction is thermodynamically more favourable to run in one direction. An 
example is the synthesis of amino acids which flows in one direction whereas the 
breakdown may occur via a separate pathway. Examples of  cycling pathways are 
the triglycerides and fatty acid cycling pathways (24). Such substrate cycles allow 
the cell to maintain an independent steady state cycle flux which would be beneficial 
for cellular homeostasis. The cycle flux can fluctuate without directly changing the 
fluxes in other pathways.  
PFK-1
ATP ADP
F6P F1,6-BP
+
F-2,6-BP
ATP
ADP
+
insulin
glucose pyruvate
+
high [AMP]
high [ATP]
-
high [citrate]
PFK-2
-
An out-of-equilibrium enzymatic reaction network 
71 
 
Figure 3.2 Reaction pathway of the conversion of PEP and ADP into pyruvate and 
ATP, catalysed by PK. At low glucose levels, pyruvate kinase is phosphorylated and 
inactivated preventing PEP from being converted into pyruvate. 
 
These cycles may have a role in metabolic regulation as the system is oscillating 
between two states and therefore very sensitive to small changes in enzyme activity 
(25, 26). Substrate cycles are therefore considered to be evolutionary selected for 
their robustness, switch-like behaviour and the ability to amplify and speed up 
responses against weak stimuli (27, 28). Substrate cycles consist of a set of opposing, 
non-equilibrium reactions catalysed by different enzymes.  An enzyme catalysing 
reaction in one way is opposed by another enzyme catalysing the reaction in 
opposite direction (Figure 3.3).  
 
Chemical energy in the form of the hydrolysis of ATP is often used to fuel the far-
from-equilibrium reactions with no net conversion of the recycling compound. This 
principle is illustrated with an example in Figure 3.3. When the rates of the enzymes 
are different and the conversion from A into B changes from for instance 100 to 120 
and the rate from B into A decreases from 90 to 72, the net flux changes from 10 
to 48 which is an increase of 380% whereas the separate rates changed in this case 
with 20% (18). It is believed that this amplification is made possible by the rapid 
hydrolysis of ATP. The concept of substrate cycling and signal amplification found 
in cells, is applied for in vitro purposes (29). Especially for assay development, the 
great sensitivity of substrate cycles facilitates the quantitative detection of low 
levels of molecular targets. The cycling produces an accumulation of one of the 
products, for instance ADP, and results in an amplification of the signal.  
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Figure 3.3 Substrate cycle. A small change in the rates of the two opposing reactions 
leads to a large change in the net flux of the cycle.  
 
Inspired by these concepts that were evolved in biochemical networks in cells (30, 
31), a minimal biochemical reaction model is constructed. The network is built by 
designing separate modules with distinct functions that can lead to tunable and 
sustainable energy-production (Figure 3.4). The network allows the conversion of 
multiple natural substrates via four metabolic modules into hydrogen peroxide, the 
output of the network. Due to two implemented cofactor regeneration modules the 
conversion process can be directed and hydrogen peroxide production regulated. 
 
The basic metabolic network is constructed out of an ATP-dependent activation 
module based on HK and PK with a phosphate donor (PEP) and glucose as energy 
source (Figure 3.4, activation cycle). It permits activation of the enzymatic network 
even when ATP levels are below physiological concentrations (< 1 mM) (32, 33). 
A feed forward activation is introduced in which the output of the activation cycle, 
pyruvate, acted as a trigger molecule for the pyruvate – L-lactate cycle. In this 
cycle, L-lactate dehydrogenase (LDH) consumes pyruvate and this reaction is 
opposed by L-lactate oxidase (LO) catalysing the reaction in the opposite direction.  
 
By continuous injection of pyruvate, the cycle accelerates due to the positive 
feedforward activation until a steady state is reached as a result of feedforward 
inhibition at high concentrations of pyruvate on LDH (Figure 3.4, pyruvate – L-
lactate cycle) (34, 35). A concurrent flux through this cycle occurres when an excess 
of β-NADH is present, which is continuously regenerated by the conversion of 
glucose-6-phosphate by glucose-6-phosphate dehydrogenase (G6PDH) into 6-
phosphogluconolactone (6-p-g). This results in net hydrogen peroxide production. 
Since ATP determines the concentration of β-NADH, the concentration of ATP 
activates, but at the same time regulates the entire metabolic network. 
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Figure 3.4 Rational design of a metabolic pathway for double-cycling of natural 
substrates, leading to a controlled production of H2O2. The activation cycle, starting with 
glucose and phosphoenolpyruvate, feeds forward the pyruvate – L-lactate cycle with 
regeneration of β-NADH, and is controlled by the amount of ATP present in the system. 
The negative feedforward regulation by the pyruvate enables a tunable production rate of 
H2O2. 
 
While in natural systems substrate cycles have sometimes been called futile cycles 
when there is no overall effect other than to dissipate heat (36), in this network the 
function of the pyruvate –L-lactate cycle is coupled to an output module which 
produces for every molecule of glucose oxidised, one molecule of H2O2 (Figure 3.4, 
output).  
3.2 Results and discussion 
3.2.1 Evaluation of the metabolic network 
The enzymatic network was simulated using a mathematic model. Simulation and 
modelling are today one of the standard methods to understand complex 
biochemical processes (37). The reconstruction of an enzymatic network allows for 
insight into the mechanisms that take place. A model breaks down the pathway of 
interest into their separate reactions and enzymes and analyses the distinct 
reactions within the perspective of the full network. With a set of ordinary 
differential equations, the rates of change are described from each metabolite that 
is involved (Table 3.1). For each reaction a rate law is therefore required that 
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determines the rate of reaction based on the concentrations of metabolites that are 
involved in the reaction. With a software package that includes a numerical 
integrator, such as COPASI (38), the system can be simulated for given initial 
conditions. Analysis of the reconstruction can give insight in key characteristics of 
the system and can lead to refinement of the model, more knowledge about the 
biochemical systems and ultimately to new technologies.  
 
Table 3.1 Overview of all differential equations describing the change in concentration of 
compounds in the enzymatic reaction network. Concentrations of the metabolites are 
indicated with square brackets, ν represents the rate of each enzyme-catalysed reaction. 
 
 Species Ordinary Differential Equations 
ATP ݀ሾܣܶܲሿ
݀ݐ ൌ െݒ௉௄ ൅ ݒு௄ 
ADP ݀ሾܣܦܲሿ
݀ݐ ൌ ݒ௉௄ െ ݒு௄ 
β-NADH ݀ሾߚ െ ܰܣܦܪሿ
݀ݐ ൌ െݒ௅஽ு ൅ ݒீ଺௉஽ு 
β-NAD+ ݀ሾߚ െ ܰܣܦାሿ
݀ݐ ൌ ݒ௅஽ு െ ݒீ଺௉஽ு 
L-lactate ݀ሾܮ െ ݈ܽܿݐܽݐ݁ሿ
݀ݐ ൌ ݒ௅஽ு െ ݒ௅ை 
pyruvate ݀ሾ݌ݕݎݑݒܽݐ݁ሿ
݀ݐ ൌ ݒ௉௄ െ ݒ௅ு஽ ൅ ݒ௅ை 
glucose-6-phosphate ݀ሾܩ6ܲሿ
݀ݐ ൌ ݒு௄ െ ݒீ଺௉஽ு 
H2O2 ݀ሾܪଶܱଶሿ݀ݐ ൌ ݒ௅ை  
 
An analytical description of the enzymatic reaction network was constructed based 
on a set of ordinary differential equations (ODEs) and the corresponding set of 
kinetic parameters of the enzymes hexokinase (HK), pyruvate kinase (PK), glucose-
6-phosphate dehydrogenase (G6PDH), L-lactate dehydrogenase (LDH), and L-
lactate oxidase (LO). The rates of concentration changes were based on the 
consumption and production of the species in the network according to kinetic 
mechanisms found in literature or experimentally determined values. Kinetic 
parameters for the corresponding rate equations were partly determined 
experimentally (for HK and G6PDH) because literature data on enzyme kinetics 
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are mostly obtained under experimental conditions different from our network. The 
Vmax  and kcat values of the other enzymes were derived from the specific activity (U 
mg-1 or μmol mg−1 min−1), given by the supplier. It was assumed that a constant 
influx of O2 over the air-solution interface was sufficient to maintain a uniform O2 
distribution in the solution. Therefore the O2 concentration was kept constant in 
the model at 250 μM, which was measured with an O2 sensor (Chapter 4). H2O2 
production was used as output of the enzymatic network. 
 
Apparent kinetic parameters were evaluated in the set of conditions, similar to 
activity assays. HK from yeast exhibited irreversible bi-bi Michaelis-Menten kinetics 
with two substrates, glucose and ATP. Contrary to mammalian HK, yeast HK is 
not inhibited by G6P (39). The kinetic parameters were determined in a coupled 
enzymatic assay of HK, glucose and ATP in presence of an excess of G6PDH, with 
the conversion of β-NAD+ into β-NADH as fluorescent read out. The rate equation 
can be described as (eq. 1) (40): 
 
vHK = ௏೘ೌೣ
ሾ௚௟௨௖௢௦௘ሿሾ஺்௉ሿ
൫௄೘,೒೗ೠ೎೚ೞ೐௄೘,ಲ೅ುାሾ௚௟௨௖௢௦௘ሿ௄೘,ಲ೅ುାሾ஺்௉ሿ௄೘,ಸ೗ೠ೎೚ೞ೐ାሾ௚௟௨௖௢௦௘ሿሾ஺்௉ሿ൯   (eq. 1), 
 
with Vmax = [E]*kcat, kcat = 1.13 104 min-1, Km,glucose = 0.02 mM and Km,ATP = 0.80 mM, 
[E] = 6.13 nM. 
 
The activity of pyruvate kinase was also described by irreversible bi-substrate 
Michaelis-Menten kinetics, with product inhibition from ATP. The rate equations 
and the kinetic parameters for PK were derived from literature (eq. 2) (41): 
 
vPK = ௏೘ೌೣ
ሾ௉ா௉ሿሾ஺஽௉ሿ
ሺ௄೘,ಲವು	ሾ௉ா௉ሿା௄೘,ುಶುሾ஺஽௉ሿାሾ௉ா௉ሿሾ஺஽௉ሿା
಼೘,ುಶು಼೔,ಲವು
಼೔,ಲ೅ು ሾ஺்௉ሿା
಼೘,ುಶು
಼೔,ಲ೅ು ሾ஺்௉ሿ
  (eq. 2), 
 
with Vmax = [E]*kcat , kcat = 1.12 104 min-1 , Km,PEP = 0.08 mM, Km,ADP = 0.81 mM, Ki,ADP 
= 0.21 mM, Ki,ATP = 2.08 mM and [E] = 1.67 nM. 
 
G6PDH has shown to behave in a similar fashion as HK and was therefore described 
with an irreversible bi-bi Michaelis-Menten kinetics according to equation 3. The 
kinetic parameters were determined in an enzymatic assay with different 
concentrations of g-6-p, G6PDH and β-NAD+. Progress of the reactions was 
monitored with β-NADH as fluorescent read out. From the slopes of the progress 
curves, the kinetic parameters could be derived. 
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vG6PDH = ௏೘ೌೣ
ሾீ଺௉ሿሾఉିே஺஽శሿ
௄೘,ಸలು௄೘,ഁషಿಲವశାሾீ଺௉ሿ௄೘,ഁషಿಲವశାሾఉିே஺஽ାሿ௄೘,ಸలುାሾீ଺௉ሿሾఉିே஺஽ାሿ  (eq. 3), 
 
with Vmax = [E]*kcat , kcat = 2.43 104 min-1 ,  Km,G6P = 0.33 mM, Km, β-NAD+ = 0.06 mM 
and [E] = 4.28 nM.  
 
For LDH a rate equation (eq. 4) was found according to literature, describing a bi-
bi ordered mechanism (42, 43): 
 
vLDH = ௏೘ೌೣ
ሾఉିே஺஽ுሿሾ௣௬௥௨௩௔௧௘ሿ
௄೔,ഁషಿಲವಹ௄೘,೛೤ೝೠೡೌ೟೐ା	௄೘,೛೤ೝೠೡೌ೟೐	ሾఉିே஺஽ுሿା
௄೘,ഁషಿಲವಹሾ௣௬௥௨௩௔௧௘ሿାሾఉିே஺஽ுሿሾ௣௬௥௨௩௔௧௘ሿା		 ሾಽష೗ೌ೎೟ೌ೟೐ሿ಼೔,ಽష೗ೌ೎ೌ೟೐
    (eq. 4) 
 
with Vmax = [E]*kcat , kcat 3.60 104 min-1, Km,β-NADH = 10.70 μM, Ki, β-NADH = 8.42 μM, 
Km,pyruvate =0.22 mM, Ki,L-lactate = 487.33 mM, Ki,pyruvate = 29.91 mM, Ki,pyruvate-NAD+ = 
97.47 mM and [E] = 1.00 nM. 
 
L-lactate oxidase was described with a bi-bi rate equation (eq. 5) (44):   
 
vLO = ௏೘ೌೣ
ሾ௅ି௟௔௖௧௔௧௘ሿሾைమሿ
ሺ௄೘,ಽష೗ೌ೎೟ೌ೟೐௄೘,ೀమାሾ௅ି௟௔௖௧௔௧௘ሿ௄೘,ೀమାሾைమሿ௄೘,ಽష೗ೌ೎೟ೌ೟೐ାሾ௅ି௟௔௖௧௔௧௘ሿሾைమሿሻ
  (eq. 5), 
 
with Vmax = [E]*kcat , kcat = 8.93 103 min-1,  Km,L-lactate = 0.94 mM, Km,O2 = 0.16 mM 
and [E] = 0.23 nM,  
 
Our mathematical model was subsequently solved numerically in time, using 
COPASI software. A time course simulation was performed which generates the 
trajectories for the species in the model over a given time interval from a chosen 
initial state. It was expected that the concentrations of the starting substrates affect 
the flow of molecules in the network. Therefore, simulations were performed with 
different initial concentrations of ATP and glucose, whereas the concentrations of 
the enzymes and the substrates PEP and β-NAD+ were kept constant (Figure 3.5 
a and b respectively). The ATP concentration had an effect on the speed of 
activation (Figure 3.5 a, insert), the cycling rate of the pyruvate – L-lactate cycle 
and thus the rate of H2O2 production, when the system was saturated in glucose 
(2.5 mM) and PEP (10.0 mM). Therefore, the more ATP was present, the faster 
the reaction velocity of the pyruvate – L-lactate cycle increased, as the activation 
cycle was continuously injecting substrate into it. The enzymatic network was less 
sensitive towards physiological concentrations of glucose (Fig. 3.5 b).  
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Figure 3.5 Characterization of the metabolic pathway. (a) and (b) Time courses in H2O2 
production rates for various values of initial [ATP] (a) and [glucose] (b) from model 
predictions. The inset shows an expansion of the graph near the coordinate origin.  
 
In the activation cycle, HK has a low Km for glucose, so it permitted activation of 
the enzymatic network even when glucose levels were below 1 mM (45).  
 
Consequently, glucose only affected the duration of the steady state and did not 
affect the rate of H2O2 production. Importantly, as shown in Fig. 3.5 a and b, the 
H2O2 production was constant over extended (up to 3 hrs) time periods. The 
simulations provided a better insight into the response of the network and the key 
parameters that govern the steady state behaviour of the network.  
 
The linearity of the feedforward mechanism was tested by running the enzymatic 
network without G6PDH (46) (Figure 3.6 a). The cycling substrate ATP was tested 
for its response on the enzymatic network by measuring β-NADH consumption 
(Figure 3.6 b). In this way the linearity of the feedforward acceleration of the 
pyruvate – L-lactate cycle was evaluated. Progress curves were fitted by linear 
regression to second-order polynomial equations. The first derivatives of these fits 
led to the feedforward rate constants, which showed a linear dependency on ATP 
concentration in the range of 70 μM – 1 mM (Figure 3.6 c). Therefore, in the initial 
phase, even a small quantity of ATP can speed up the rates of β-NAD+/β-NADH 
cycling and H2O2 production and thus the system acted as a chemical amplifier. 
This feedforward activation occurred when the concentrations of the cycling 
substrates were much lower than their respective Michaelis-Menten constants. 
Above these values, a negative substrate inhibition was expected (42, 43).  
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Figure 3.6 Experimental analysis of the enzymatic network. (a) Reaction scheme for the 
evaluation of positive feed forward rates of the enzymatic network with β-NADH as 
fluorescent read-out. (b) Progress curves of β-NADH consumption for varied 
concentrations of ATP. Open points represent experimental data while the solid lines 
correspond to linear regression analysis to second-order polynomials (extrapolated to the 
x-axis). (c) The first derivatives of the second-order polynomials lead to the feedforward 
rates of the enzymatic network vs. ATP concentration. The solid points show experimental 
data which were fitted by linear regression analysis with a solid line (y=1.5692x – 0.0071, 
R2 = 0.998).  
 
The cycling rates of the pyruvate – L-lactate cycle were determined for various 
pyruvate concentrations and compared with reaction rates in a similar assay with 
only LDH (Figure 3.7). A positive effect on the cycle rate was observed at low 
concentrations of pyruvate (< 0.5 mM) where the direct regeneration of pyruvate 
allowed for a constant supply. Negative substrate inhibition was observed above 0.5 
mM pyruvate and was more pronounced when LDH was coupled to LO, since this 
enzyme regenerated continuously pyruvate (Figure 3.7 b).  
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Figure 3.7 Inhibition assay on the pyruvate – L-lactate cycle. (a) Reaction scheme of the 
proposed assay for the pyruvate – L-lactate cycle and for the comparison with LDH 
activity. (b) β-NADH consumption rates of the pyruvate – L-lactate cycle and for LDH 
with varied concentrations of pyruvate. Below 0.5 mM a positive effect on the consumption 
rate is observed due to pyruvate regeneration. Negative substrate inhibition is observed 
for values higher than 0.5 mM pyruvate.  
 
This negative feedback mechanism regulated the consumption of energy when the 
glucose consumption became too fast and created the steady state which is observed 
in the network. This elongated the out-of-equilibrium state and extended the in situ 
production of H2O2.  
 
After having established the validity of the network via time course simulations 
and experimental analysis of some parts of the network, the behaviour of the total 
enzymatic network was studied experimentally in buffer solution, hereafter called 
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bulk conditions, by monitoring β-NADH fluorescence in time. Figure 3.8 shows the 
data points of progress curves of β-NADH production and consumption of the entire 
metabolic pathway at varied concentrations of ATP and glucose. The mathematical 
model was fitted to the experimental data of both glucose and ATP concentration 
rows, by minimizing mathematically the difference between model simulations and 
the experimental data (see Figure 3.8).  
 
 
Figure 3.8 (a) progress curves of β-NADH production and consumption per mg of enzyme 
mixture, obtained experimentally for different initial concentrations of ATP. Three 
regimes (*, ** and ***) were defined and explain different phases of the enzymatic 
network. Solid lines represent model predictions. (b) Progress curves of β-NADH 
production and consumption obtained experimentally for different initial concentrations 
of glucose. Solid lines represent model predictions. 
 
The initial increase in [β-NADH] (see regime * in Figure 3.8 a) could be explained 
by the ATP-dependent formation of glucose-6-phosphate, which fuelled the 
regeneration process of β-NADH out of β-NAD+; the higher the initial [ATP], the 
stronger the initial increase in [β-NADH]. 
 
After several hours, when glucose became depleted, a fast decrease in [β-NADH] 
was measured and the enzymatic network stopped working (regime ***, Figure 3.8 
a). Again, this decrease is more pronounced with increased starting levels of ATP. 
This indicated that the pyruvate – L-lactate cycle is accelerated when more ATP 
is present. The same trend was observed for varied glucose concentrations, however 
glucose affects only the length of the steady state (Figure 3.8 b). The kinetic model 
was fitted to the experimental kinetic analysis data on the bulk system by 
optimising the Vmax constants of the individual enzymes with particle swarm 
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optimization (PSO) extended by implementing additional constraints. By 
minimizing the difference between model simulations and experimental data, the 
algorithm allowed us to generate an ensemble of model parameters. Fitting our 
model to the actual data showed good agreement in Vmax (Table 3.2).  
 
Table 3.2 Comparison of experimental kinetic parameters with fitted parameters. 
 
Enzyme Actual
Vmax (μM min-1) values 
Fitted
Vmax (μM min-1) values 
HK 69 39
PK 188 187
G6PDH 105 196
LDH 36 27
LO 93 1.5
 
The simulated data (solid lines in Figure 3.8) are good fits to the experimental data 
for all the enzymes. The fitted Vmax for LO deviates most from the actual Vmax  and 
this can have several causes such as deactivation of the enzyme due to aging or 
inhibition by an unknown component. Overall, the simulated data provides good 
confirmation that our model represents the key reactions in the network and that 
classical enzyme kinetics can be used to predict and optimise the behaviour of the 
enzymatic network. 
3.2.3  Light-controlled enzymatic network 
For highly complex systems, a precise external activation or deactivation trigger is 
desired in order to achieve system regulation. Light is an excellent tool to achieve 
this goal as it can be applied in a spatiotemporal manner and regulated by intensity 
and wavelength. Recently, light has been demonstrated as a trigger to control the 
biological function of small molecules, oligonucleotides and proteins (47, 48). A 
variety of signalling molecules, from protons to proteins, have been chemically 
modified with a photo-removable protecting group and were used to study 
interactions between biologically active and inactive molecules that can bind to 
cellular receptors (49, 50).  
 
Here we present a study where ATP in our enzymatic network is replaced with 
caged-ATP. It was shown before that ATP is a regulator for the activation and 
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steady-state level of the enzymatic network and is therefore an ideal candidate for 
replacement with caged-ATP (Figure 3.9).  
 
 
 
Figure 3.9 Rational design of a metabolic pathway for double-cycling of natural 
substrates leading to stable H2O2 production. ATP is replaced by caged-ATP. Upon 
uncaging, ATP will activate and regulate the metabolic flux. 
 
The light-activated enzymatic network was designed by replacing ATP with 
adenosine 5'-triphosphate, P3-(1-(2-nitrophenyl)ethyl) ester (caged-ATP).  
 
Caged-ATP contains a 2-nitrobenzyl moiety which is conjugated to the γ-phosphate 
group of ATP, which prevents therefore enzymatic access and thus hydrolysis of 
ATP into ADP or AMP. Photolysis with UV illumination at 360 nm induces the 
formation of the aci-nitro anion by intramolecular hydrogen abstraction from caged-
ATP (Figure 3.10). A rapid deprotonation follows and subsequently the aci-nitro 
anion intermediate decays to yield ATP (51, 52). Caged-ATP was illuminated and 
the released ATP was measured by means of the luciferin-luciferase assay. First, 
the assay was calibrated with known amounts of ATP, yielding a linear relation of 
luminescence (A.U.) vs. ATP (µM range). The linearity of the uncaging process 
was investigated by performing an assay with varied illumination times from 0 – 60 
sec. 
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Figure 3.10 Flash photolysis of caged-ATP results in a nitrosobenzyl group and ATP 
(52, 53).  
 
A linear trend was found of illumination time vs. ATP concentration (Figure 3.11 
a). Subsequently, ATP was replaced with caged-ATP in the enzymatic network. 
Upon illumination of the samples, the formation of β-NADH was measured over 
time and it was shown that, as expected, the illumination time had an effect on the 
speed of activation, the cycling rate of the pyruvate-L-lactate cycle and thus the 
H2O2 production rate, when the system was saturated in glucose (2.5 mM) and PEP 
(10.0 mM) (Figure 3.11 b).  
 
The initial increase in [β-NADH] that is measured, showed dependency on 
illumination time which indicates [ATP]-related formation of glucose-6-phosphate 
and thus the production of β-NADH out of β-NAD+. As was observed in the 
enzymatic network with ATP, the increase in β-NADH was followed by 
consumption of β-NADH which finally converged in a steady state (in the samples 
with an illumination time < 30 sec) due to fuelling of the pyruvate - L-lactate 
cycle. After a certain time, when [glucose] runs low, a decrease in [β-NADH] was 
measured which showed that the network stopped working. The slope of β-NADH 
depletion also depended on the illumination time, indicating an exactly similar 
behaviour of the enzymatic network as for the system with different 
concentrations of ATP (section 3.2.1). It can be therefore concluded that the 
replacement of ATP with a light-cleavable version leads to a light-switchable system 
with control over the network’s behaviour by adjusting the illumination time. In 
the field of adaptive functional systems, this concept can be further extended to 
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different types of artificial reaction networks which require external regulation and 
precise control over (incompatible) internal elements.  
 
 
 
Figure 3.11 (a) linear relation between illumination time of caged-ATP vs. released ATP 
measured by the luciferin-luciferase assay. (b) Progress curves of β-NADH production and 
consumption, obtained experimentally for different illumination times of caged-ATP.  
 
Regulation by light adds an independent control element to the system, with precise 
regulation of intensity and location without external perturbations due to addition 
of starting compounds. 
3.3 Conclusions 
An enzymatic network is designed and constructed which is able to show a 
regulated, sustained performance under out-of-equilibrium conditions. It was shown 
that, by implementing feedforward mechanisms, the intensity and the duration of 
the flux of molecules can be controlled and that the system is able to adapt to its 
environment. This approach can be used to program specific functional output, for 
example by constructing adaptive molecular systems that operate according to these 
principles. In order to obtain more external control, it was shown that the regulator 
ATP can be replaced by caged-ATP. Upon photolysis, the released amount of ATP 
activated and regulated the enzymatic network.  
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3.5 Experimental 
All chemicals and enzymes were used as received unless otherwise stated. β-NADH, 
β-NAD+, ATP magnesium salt, D-glucose (glucose), glucose-6-phosphate (g-6-p), 
sodium phosphoenolpyruvate (PEP), sodium pyruvate, sodium L-lactate, 
magnesium chloride, pyruvate kinase from rabbit muscle (PK, EC 2.7.1.40, 475 
units mg−1) and L-lactate dehydrogenase  recombinant from E. coli (LDH, EC 
1.1.1.27, 257 units mg−1) were obtained from Sigma-Aldrich. L-lactate oxidase from 
Pediococcus species (LO, EC 1.1.3.2, 1000 units mg−1) was received from BBI 
Enzymes. Hexokinase from Saccharomyces cerevisiae (HK, EC 2.7.1.1, 202 units 
mg-1) and glucose-6-phosphate dehydrogenase from Leuconostoc mesenteroides 
(G6PDH, EC 1.1.1.363, 507 units mg-1) were purchased from Worthington. Stock 
solutions of all enzymes (10 mg ml−1) and substrates were prepared in buffer 
containing 100 mM KPi (pH 7.0) containing 10 mM magnesium chloride. Caged-
ATP was obtained from Thermo-Fischer Scientific. Illumination of samples was 
performed with a 100 W mercury lamp (365 nm, USH-1030L, USHIO Inc.  
Fluorescence analysis 
Fluorescence measurements were performed using black 96-well, F-Bottom 
microplates (Greiner Bio-One) on a Tecan Infinite 200 PRO Microplate Reader at 
25 °C. β-NADH fluorescence was measured by the emission at 460 nm after 
excitation at 350 nm. 
Kinetic analysis of hexokinase (HK) and glucose-6-phosphate dehydrogenase 
(G6PDH) (Eq. 1 and Eq. 3)   
HK activity was measured by the addition of HK (0.8 units mL-1), G6PDH (4.2 
units mL-1) and 250 μM of β-NAD+ to various concentrations of ATP (125 µM – 
1 mM) and glucose (125 µM – 5 mM) with a final reaction volume of 300 µL. β-
NADH fluorescence was recorded and initial velocities were calculated from the 
slopes of the progress curves. G6PDH activity was measured by the addition of 6.8 
units mL-1 G6PDH to various concentrations of β-NAD+ (100 μM – 500 μM, in steps 
of 100 μM) and glucose-6-phosphate (125 μM, 250 μM, 0.5 mM, 1 mM, 2.5 mM and 
5 mM) with a final reaction volume of 300 µL. β-NADH production was recorded 
and initial velocities were calculated. Kinetic constants of HK and G6PDH were 
calculated from double-reciprocal plots of 1/[glucose] versus 1/v at fixed [ATP] for 
HK and from double-reciprocal plots of 1/[g-6-p] versus 1/v at fixed [β-NAD+] for 
G6PDH. All double-reciprocal plots crossed at a point within the negative area of 
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the 1/[glucose] axis. From these results, the reaction mechanisms of HK and 
G6PDH were estimated as bi-bi (40, 54, 55). 
Linearity assay on feed forward mechanism (Figure 3.6)  
The assay mixture contained the following components: 250 μM β-NADH, 10 mM 
PEP, 2.5 mM glucose, PK (0.5 units mL-1), LDH (0.1 units mL-1), LO (0.2 units 
mL-1), CAT (2.2 units mL-1) and different volumes of a stock solution of 12.5 mM 
ATP. The reaction was started by the addition of HK (with a final concentration 
of 0.3 units mL-1), the final volume being 300 µL. The time course of the reaction 
was followed by β-NADH fluorescence.  
Inhibition assay on pyruvate – L-lactate cycle (Figure 3.7) 
For the cycling assay, a typical mixture consisted of LDH (0.1 units mL-1), LO (0.2 
units mL-1) and CAT (2.2 units mL-1) and different volumes of a stock solution of 
12.5 mM pyruvate. For the activity assay of L-lactate dehydrogenase, the reaction 
mixture contained LDH (0.1 units mL-1) and various concentrations of pyruvate 
from a 12.5 mM stock solution. The reactions in both assays were started by 
addition of β-NADH (final concentration of 250 µM) with a final assay volume of 
300 µL. The time courses of the reactions were followed by measuring the 
disappearance of β-NADH fluorescence. 
Kinetic analysis of enzymatic network (bulk) (Figure 3.8) 
A reaction mixture was prepared containing final concentrations of 10 mM PEP, 
500 μM β-NADH, pyruvate kinase (PK, 0.5 units mL-1), HK (0.3 units mL-1), 
G6PDH (0.6 units mL-1), L-lactate dehydrogenase (LDH, 0.1 units mL-1), L-lactate 
oxidase (LO, 0.2 units mL-1) and catalase (CAT, 2.2 units mL-1). For evaluating the 
effect of ATP, varying concentrations of a stock solution of 80 mM ATP were 
added. The reaction was started by the addition of glucose with a final 
concentration of 2.5 mM in a total reaction volume of 300 µL. The effect of glucose 
was tested by adding different concentrations of an 80 mM glucose stock solution. 
By the addition of ATP to a final concentration of 500 µM in a 300 µL reaction 
volume, the reaction was started. Progress of the reaction was monitored directly 
by measuring β-NADH fluorescence.   
Light-activated network 
A calibration curve was made of the luciferin-luciferase assay with varying 
concentrations of ATP (0 - 1 mM). The reaction mixtures consisted of luciferin-
luciferase assay mixture (40 µl), different volumes of ATP (10 µM stock solution) 
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in a total reaction volume of 160 µl. Upon addition of ATP, luminescence was 
directly recorded. Three aliquots of 5 µl ATP (10 µM) were added as internal 
standard for calibration. The linearity of illumination time vs. released ATP 
concentration from caged-ATP was determined. Reaction mixtures were made 
containing 500 µM caged-ATP in buffer and were illuminated for 0 – 60 seconds. 
From that solution, 10 µL was taken and mixed with 40 µl luciferin-luciferase assay 
mixture and 110 µL of buffer. Three aliquots of 5 µl ATP (10 µM) were added as 
internal standard for calibration. The activation and regulation of the enzymatic 
network was tested by preparing a reaction mixture containing final concentrations 
of 10 mM PEP, 500 µM β-NADH, pyruvate kinase (PK, 0.5 units mL-1), HK (0.3 
units mL-1), G6PDH (0.6 units mL-1), L-lactate dehydrogenase (LDH, 0.1 units mL-
1), L-lactate oxidase (LO, 0.2 units mL-1) and catalase (CAT, 2.2 units mL-1). For 
evaluating the effect of caged-ATP, varying concentrations of a stock solution of 
8.13 mM caged-ATP were added. The reaction was started by illumination of the 
reaction mixtures for different time periods (0 – 60 seconds). Progress of the reaction 
was monitored directly by measuring β-NADH fluorescence. 
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4.1 Introduction 
Nanoscopic amphiphilic polymeric vesicles, self-assembled from synthetic block 
copolymers have shown a great promise in bio-related applications such as drug 
delivery (1-3), nanomedicine (4) and nanoreactor related applications (5-7). Their 
thicker hydrophobic membranes allow for these structures to tolerate a wider 
range of environments, while their morphology can be re-engineered and re-shaped 
when they are subjected to different stimuli such as pH (8), osmotic pressure (9, 
10), chemical composition of the membrane (11), or even magnetic fields (12). 
Several reports from both our laboratory and other groups demonstrated the 
assembly and shape change of polymersomes to different morphologies (13) such 
as pH sensitive tubular polymersomes that are able to encapsulate and deliver 
cargo intracellularly (8), reversible elongated polymersomes by introduction of 
cleavable cross-linkers (11) or osmotically driven folding of poly(ethylene glycol)-
polystyrene (PEG-PS) spherical polymersomes into bowl-shaped nanoreactors, 
also called stomatocytes (10).  
 
The hydrophobic PS block of PEG-PS has a high glass transition temperature (Tg 
= 100 °C) and thus polymersomes assembled from the amphiphilic block 
copolymer PEG-PS only have a flexible and responsive bilayer membrane in the 
presence of plasticising organic solvents. Once the plasticising solvent is 
completely removed, they are rigid and non-responsive in water due to the glassy 
hydrophobic polystyrene blocks in their membranes. This property allows the 
kinetic entrapment of polymer vesicles in the stomatocyte morphology.  
 
Asymmetric catalytic particles are able to undergo directed motion by a 
combination of processes such as self-diffusiophoresis (14), local heat due to 
exothermic reactions (15) and bubble-formation (14). In our group it was 
previously shown that asymmetric stomatocytes can move autonomously when 
catalytic platinum nanoparticles, which decompose hydrogen peroxide, are 
encapsulated in the nanocavity (16). For use in a biological setting, naturally 
available energy sources would be required for movement and therefore 
biocatalysts such as enzymes are more suitable candidates to convert these 
biological substrates. Enzymes are however very sensitive to organic solvents, 
which can denature their structure. The shape transformation of polymersomes 
into folded asymmetric structures reported previously using either direct dialysis 
of flexible polymersomes or reverse engineering of rigid polymersomes, required, 
however, large amounts of organic solvents. These conditions are in most cases 
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not compatible with the entrapment of proteins, due to the long contact time 
between the protein and the organic solvent. 
 
In this chapter, a novel, mild methodology for the entrapment and confinement of 
proteins inside the cavity of the stomatocytes is described, see Figure 4.1 a. The 
applicability of this method was tested by entrapping one or more enzymes, either 
catalase (CAT) or the cascade glucose oxidase (GOx) with CAT in the cavity. 
These specific enzymes are well known for production of oxygen as final product 
and were used in earlier reports as successful catalysts for micro-motors 
applications (Figure 4.1 b) (17-19). To assess the efficiency of encapsulation of 
enzymes with retained activity, the motion of these enzyme-loaded nanoreactors 
was used as assay.  
 
 
 
Figure 4.1 (a) Nanoreactor formation under mild conditions with the solvent addition 
method that results in controllable shape transformation of the nanoreactors. Starting 
from polymersomes, stomatocytes are step-wise made with different openings by adding 
150 μl of solvent (red spheres) over 30 minutes, followed by quenching with water (blue 
spheres) for every intermediate structure. By repeating this procedure, the 
transformation cycle is continued. The resulting particles are rigid and non-responsive 
structures due to the glassy hydrophobic polystyrene block in their membrane. (b) 
Schematic representation of the nanoreactors with an enzyme cascade of GOx (green 
spheres) and CAT (purple spheres) entrapped inside the structure. The enzymes are 
responsible for the catalytic reaction of which the end products enable propulsion of the 
structures.  
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4.2 Results and discussion 
4.2.1 Nanoreactor formation 
Entrapment of enzymes and other proteins inside the bowl-shaped polymersome 
requires a fast shape transformation of the spherical polymersomes into 
asymmetric nanoreactors. A minimal solvent exposure to the proteins is important 
to prevent their denaturation and thus a mild method had to be developed that 
meets these criteria. 
 
First a standard preparation of rigid spherical polymersomes from poly(ethylene 
glycol)44 -b- polystyrene16 (PEG-PS) amphiphilic block-copolymers was performed 
(20). The addition of water to a solution of PEG-PS in THF/dioxane (4 : 1 v/v) 
promoted its self-assembly into polymersomes. Glassy membranes were obtained 
by dialysis against Milli-Q for at least 24 h. 
 
In order to fold the polymersome membranes inwards, an osmotic shock was 
induced by addition of THF/dioxane (4 : 1 v/v) with a rate of 300 μL h-1 via a 
syringe pump to the aqueous polymersome solution. By quenching the structures 
at different time points in 2 mL of water (30 min, 60 min, 90 min or 120 min), 
stomatocytes with different openings were obtained as observed with TEM and 
cryo-TEM (Figure 4.2). A shape transformation into stomatocytes with a large 
opening occurred when 150 µL was added over 30 minutes to a 500 µL 
polymersome solution (10 mg mL-1). When a total volume of 300 µL was added 
over 60 minutes to a polymersome solution, stomatocytes were obtained with a 
decrease in the size of the opening. Almost closed structures were obtained when 
450 µL organic solvent was added over 90 minutes to the polymersome solution.  
 
By the addition of even more organic solvent (600 µL) over 120 minutes, spherical 
polymersomes were obtained, which suggested that at this point complete 
equilibration of the osmotic pressure over the membrane was achieved (9, 21). 
Alternatively, the closed structures depicted in Figure 4.2 (j-l) could be obtained 
by a two-step process. In this method, opened stomatocytes were made by the 
addition of 300 μl organic solvent over 60 minutes to a polymersome solution and 
subsequent quenching with water. The transformation was restarted by the 
addition of only 150 μL of solvent over a period of 30 min, followed by dialysis 
against salt solution. The quenched stomatocytes were first brought back to the 
original concentration before restarting the transformation cycle.  
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Figure 4.2 Stomatocyte formation with control over the opening. (a, b) TEM and (c) 
cryo-TEM of polymersomes, (d, e) TEM and (f) cryo-TEM of widely opened 
stomatocytes, obtained after addition of 150 µL THF/dioxane (4 : 1 v/v) over a period 
of 30 min, (g, h) TEM and (i) cryo-TEM of open stomatocytes obtained after addition 
of 300 µL of THF/dioxane (4 : 1 v/v) over a period of 60 min, (j, k) TEM and (l) cryo-
TEM of almost closed stomatocytes  obtained after adding 450 µL of solvent 
THF/dioxane (4 : 1 v/v) during 90 min. For all samples, after addition of the solvent 
mixture, the stomatocytes were quenched with 2 mL of water and concentrated to their 
original concentration. (m) Schematic representation of the dynamic shape 
transformation of stomatocytes. Scale bars: 200 nm. 
Both methods allowed for the shape transformation of spherical polymersomes 
into stomatocytes with a wide neck to almost closed structures. Advantageous of 
the two-step method is the relatively short contact time with organic solvent in 
the second step when for instance enzymes are added during the closure of the 
m)
i)
a) b) c)
d) e) f)
g) h)
j) k) l)
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structures. This is of importance because it can prevent denaturation of enzymes 
during the process. If required, the entrapped enzymes can also be released from 
the nanoreactor by reshaping the bowl-shaped structure into a spherical 
polymersome morphology.  
4.2.2 Encapsulation of an enzymatic cascade 
The well-studied enzymes catalase (CAT) and glucose oxidase (GOx) were 
selected for entrapment in the stomatocyte. Catalase is able to efficiently 
decompose hydrogen peroxide into water and oxygen (22, 23). The released 
oxygen was expected to induce propulsion of the nanomotor (17, 18). Catalase can 
be easily combined with GOx, which would make the nanoreactor susceptible to 
glucose. Glucose is oxidised by GOx to gluconolactone and hydrogen peroxide and 
the latter is further decomposed into oxygen and water by catalase (Scheme 4.1) 
(18, 24).  
  
 
 
Scheme 4.1 Reactions catalysed by GOx and CAT. GOx catalyses the oxidation of 
glucose to gluconolactone and hydrogen peroxide. Catalase further catalyses the 
decomposition of hydrogen peroxide into oxygen and water. 
 
Opened stomatocytes were either mixed with catalase or a mixture of GOx and 
catalase (3 : 1 w/w) and subsequently closed by the addition of 150 µL 
THF/dioxane (4 : 1 v/v) over 30 minutes. For nanoreactors loaded with GOx and 
catalase, a ratio of GOx and catalase of 3 : 1 (w/w) was chosen due the difference 
in activity, (228 U mg-1 for GOx and ± 3500 U mg-1 for catalase). Subsequently, 
the organic solvent was removed by dialysis against 5 mM NaNO3 for 1 hour. The 
nanoreactors were washed and concentrated by spin filtration over 0.22 µm 
membranes. Also non-encapsulated enzymes were removed in this step. After 
encapsulation, the enzyme activity of the nanoreactors was assessed. For the 
activity of GOx, an assay using glucose, horseradish peroxidase (HRP) and 10-
acetyl-3,7-dihydroxyphenoxazine (Ampliflu™ Red) was used. The catalase that 
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was co-incorporated was before encapsulation irreversibly inhibited with sodium 
azide. The azide is able to bind to the heme iron centre in the active site of the 
enzyme. Glucose was oxidised by GOx to form gluconolactone and H2O2. In the 
presence of HRP, H2O2 reacted with Ampliflu™ Red, in a 1 : 1 stoichiometry to 
generate red fluorescent oxidation product, resorufin, which has excitation and 
emission maxima at 571 nm and 585 nm respectively (Scheme 4.2).  
 
 
 
Scheme 4.2 Conversion of AmplexTM Red into fluorescent Resorufin. Horseradish 
peroxidase uses AmplexTM Red as an electron donor during the reduction of hydrogen 
peroxide to water.  
 
A calibration curve was made in which the linear relation between resorufin 
fluorescence and the GOx concentration was evaluated first (Figure 4.3 a). The 
linear fit was used to determine the amount of active enzyme present in 
nanoreactor solutions (Figure 4.3 b). From the activity assay, the incorporation 
efficiency from the initial feed could be derived based on the remaining activity of 
the nanoreactors (Table 4.1).  
 
For nanoreactors containing catalase, an activity assay was performed in which 
catalase catalyses the decomposition of H2O2 to produce water and oxygen. After 
an incubation period, Amplex™ Red and HRP were added in a 1 : 1 stoichiometry 
in order to react with the remaining H2O2 to produce resorufin. As the catalase 
concentration increased, the resorufin signal decreased (Figure 4.3 c).  For both 
GOx and catalase, a serial dilution of nanoreactor solutions was tested. For the 
activity determination, a dilution was chosen that fitted in the standard curve 
range. The enzymatic activities are listed in Table 4.1 and expressed in units mL-
1, where 1 unit of glucose oxidase oxidises 1.0 µmole of glucose to gluconolactone 
and H2O2 per minute in a solution saturated with oxygen at pH 7.0 and 25 °C. 
One unit of catalase decomposed 1.0 µmole of H2O2 per minute at pH 7.0 at 25 °C.  
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Figure 4.3 (a) GOx standard curve.  Fixed amounts of HRP and Amplex RedTM were 
mixed with 10 μM glucose to start the reaction in presence of various GOx 
concentrations. Initial slopes were calculated from the fluorescence increase over time. 
(b) Activities of serial diluted nanoreactors containing GOx and inhibited catalase. (c) 
Catalase standard curve. Fluorescence measured after 30 min from reaction mixtures 
containing varied amounts of catalase and 10 μM H2O2. After 30 minutes, HRP and 
Amplex RedTM were added in order to obtain a fluorescent signal. (d) Activity assay on 
nanoreactors at different concentrations. Nanoreactors were incubated with 10 μM H2O2 
for 30 minutes before HRP and Amplex RedTM were added for the fluorescent output. 
 
It should be noted that this incorporation efficiency could be underestimated due 
to deactivating effects of the organic solvent on the enzymes during the 
encapsulation procedure. Average recovery of enzymes from the nanoreactors up 
to 24% was found for every enzyme from an initial feed concentration of 12 mg 
mL-1 for catalase loaded nanoreactors and 16 mg mL-1 for GOx/catalase 
nanoreactors. 
0 5 10 15 20 25
 
 
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
0
20
40
60
80
100
120
 
 
linear fit
0.02 0.04 0.06 0.08 0.10 0.12
0
0.2
0.4
0.6
0.8
1
 
 
 
S
lo
pe
 (A
.U
.)/
se
c
S
lo
pe
 (A
.U
.)/
se
c
GOx (mg mL-1)
GOx activity
linear fit
CAT nanoreactors
Fl
uo
re
sc
en
ce
 (A
.U
.) 
(n
or
m
al
iz
ed
)
CAT (mg mL-1) nanoreactor
dilution factor (x900)
3rd-order polynomial fit
a) b)
c) d)
nanoreactor
dilution factor (x1000)
2.5 5.0 7.5 10.0 12.5 15.0
0
10
20
30
40
50
60  
 GOx/CAT nanoreactors
Fl
uo
re
sc
en
ce
 (A
.U
.) 
(n
or
m
al
iz
ed
)
0
0.2
0.4
0.6
0.8
1
 
CAT nanoreactors
linear fit
A mild method for loading of enzymes in asymmetric polymeric nanoreactors   
101 
Table 4.1 Enzyme incorporation efficiency based on its activity.  
 
Encapsulated 
enzyme 
Enzyme 
assayed 
Initial 
solution 
activity 
(units mL−1) 
Incorporated 
activity  
(units mL−1) 
Incorporation 
efficiency based 
on the enzyme 
activity (%) 
catalase catalase 21000 5125 ± 261 24 ± 1 
GOx/ catalase 
(inh. with 
NaN3) 
GOx 2739 890 ± 47 33 ± 2 
GOx/ catalase catalase 14000 3825 ± 243 27 ± 2 
 
As was found previously, this is significantly higher than statistical encapsulation 
(1%) and is possibly due to a templating effect. This implies that there are 
interactions between the protein and the bilayer when the nanoreactors are in a 
swollen state during the loading, which could result in a higher encapsulation 
efficiency (25, 26). 
 
In addition to the activity determinations, energy dispersive X-ray in combination 
with TEM was used to investigate enzyme entrapment inside the nanoreactor. By 
mapping specific atoms in which the enzymes are rich, such as iron in catalase 
and sulfur that is present in both cysteines and methionines in GOx and catalase, 
the technique proved the presence of enzymes in the cavities of the nanoreactors, 
as is shown in Figure 4.4. As seen in Figure 4.4, nearly all nanoreactors were filled 
with enzymes and thus it can be concluded that this methodology is successful for 
enzyme entrapment in the cavities of the stomatocytes. Asymmetric flow-field-
flow fractionation (AF4) coupled to multi angle laser light scattering (MALS), 
quasi elastic light scattering (QELS) and refractive index detection was used to 
determine the size and shape of the stomatocytes.  With AF4, a field is applied 
perpendicular to the direction of the flow of the analyte solution, which is pumped 
through a long narrow channel. Separation of particles is based on their different 
diffusion constants under the force exerted by the field. 
 
The fractionation was coupled to MALS and QELS for detection. MALS detection 
is based on the measurement of light intensity at multiple angles around the 
particle (27). The results are used to construct a model of the pattern of scattered 
light as function of measuring angle.  
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Figure 4.4 TEM, secondary emission and energy dispersive X-ray (EDX) mapping of 
sulphur (S, yellow) and iron (Fe, red) in catalase-filled nanoreactors (a - d). Images were 
overlaid using Adobe Photoshop software to show the positioning of these elements in 
the inner compartment of the nanoreactor. 
 
The model is used to estimate the intensity of light scattered at zero angle which 
is directly proportional to the molar mass (M). By extrapolation using a Berry 
plot, the radius of gyration, Rg, also known as the root-mean square (rms) 
distance, can be calculated (28, 29). The Berry analysis has been found to be 
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more accurate than the standard Zimm plot for objects with radius of gyration 
larger than 100 nm, while angular dependence is only observed for particles with 
radii greater than 10 nm. Particles smaller than 10 nm, such as proteins, scatter 
light equally (Rayleigh scattering) and show therefore no angular dependency. Rg 
can be defined as the root mean square distance between the mass distributions of 
a macromolecule around its centre of mass. 
 
QELS, also known as dynamic light scattering, measures the time-dependent 
fluctuations in scattered light by particles. The fluctuations are related to the 
diffusion rate of the particles and in turn to the particles’ hydrodynamic radii 
(Rh). Rh is defined as the radius of a hard sphere in solution and is described by 
eq. 1 (30-32):  
  
Rh =	 ௄ಳ்଺గఎ஽        (eq. 1), 
         
with KB the Boltzmann constant, T the temperature,  the viscosity of the 
solvent and D the diffusion coefficient of the particle.  
 
Nanoreactors filled with GOx/catalase or only catalase were eluted with AF4 and 
compared with elution profiles of GOx, catalase, empty stomatocytes, empty 
stomatocytes mixed with enzymes, and polymersomes. The cross-flow program 
from AF4 was optimised by using an exponential gradient that allowed for 
separation of both enzymes and nanoreactors in the same run. The elution profiles 
are given in Figure 4.5. The relatively small enzymes clearly eluted in the first 
minutes while the nanoreactors had a longer retention time due to their larger size 
and thus smaller diffusion coefficient. Nanoreactors loaded with GOx and catalase 
showed one peak corresponding to the nanoreactors. No residual enzymes were 
found in the protein elution region. A small delay of the nanoreactor elution was 
however found compared to empty nanoreactors, which indicated that 
nanoreactors containing the enzymes appeared to be slightly larger. This increase 
in size is probably due to interactions between the swollen membrane and the 
proteins during the shape transformation. 
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Figure 4.5  AF4 of enzyme-filled nanoreactors compared with elution profiles of the 
controls: reshaped spherical polymersomes from empty stomatocytes; reshaped spherical 
polymersomes and released enzymes from enzyme-filled stomatocytes; empty 
stomatocytes and the individual enzymes. It should be noted that GOx and catalase are 
relatively close in size. The inset shows separation of GOx (red) and catalase (purple) 
with an optimised method for smaller molecules. A mixture of GOx and catalase results 
in a broader peak (yellow). 
This was further confirmed by in-flow hydrodynamic radii measurements (QELS) 
of empty stomatocytes and GOx-catalase filled nanoreactors. A larger size for the 
enzyme-filled nanoreactor was found compared to the empty one. Re-shaped 
polymersomes were measured and compared with re-shaped polymersomes with 
initially encapsulated GOx and catalase. For both samples, the AF4 data showed 
a polymersome peak; the reshaped nanoreactors released catalase, which was 
detectable as a signal in the region where also the free enzymes eluted.  
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The ratio between Rg and Rh provided shape information about the particles and 
can be used to distinguish spherical objects from non-spherical or elongated 
structures (30, 33, 34). For ideal empty spherical objects, the ratio Rg/Rh should 
be 1 due to the lack of mass inside the structures. Filled objects were shown to 
have smaller radii of gyration due to the concentration of mass inside the 
structures, leading to Rg/Rh values of 0.78 (35). With cryo-TEM and TEM, the 
overall spherical geometry of the nanoreactors was confirmed and therefore the 
Rg/Rh can give additional insight in the shape and composition of the 
nanoreactors. Empty nanoreactors, GOx-catalase filled nanoreactors and catalase 
filled nanoreactors were characterised by analysing the ratio Rg/Rh (Figure 4.6). 
 
 
 
Figure 4.6 Ratio between radius of gyration (Rg) and hydrodynamic radius (Rh) 
determined with AF4-MALS-QELS over the peak of (a) empty stomatocytes, (b) 
nanoreactors filled with GOx and catalase and (c) nanoreactors filled with catalase. The 
solid line in the graphs represents the mean value of the data points. The solid lines are 
linear fits over the data points and show the Rg/Rh value over the entire peak. 
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4.2.3 Movement analysis 
The autonomous movement of the nanoreactors was evaluated by means of 
nanoparticle-tracking analysis (NTA), a complementary technique to DLS that 
uses laser light-scattering in combination with a charge-coupled camera. An 
individual particle-by-particle analysis was provided instead of an ensemble size 
distribution that is normally obtained by DLS. The analysis software compared 
and tracked the displacement of each particle on a frame-by-frame basis. When a 
particle moved out of the window, the focal plane or crossed a path with another 
particle, the software stopped tracking. The resulting trajectories allowed to 
accurately determine the Brownian particle displacement or mean square 
displacement (MSD) of each particle using equations (eq. 2-4):   
MSD = r2(t)    ଵே Σ௜ୀ଴ே  (ri(t) – ri (0))2       (eq. 2), 
where r = radius and t = sampling time  
        
MSD(t) = 2dD         (eq. 3), 
    
where D is the diffusion coefficient and d = dimensionality (in this case for the 
NTA measurements, d=2),  
 
ሺ௫,௬ሻమതതതതതതതതത
ସ  = D = 
்௄ಳ
ଷగఎௗಹ         (eq. 4), 
 
which is the Stokes Einstein equation where KB = Boltzmann constant,   = 
sample viscosity, T = temperature (K), and dH  = hydrodynamic diameter. The 
latter equation determined the size of the structures by correlating the tracking 
coordinates from the Brownian movement to the particle size (36). The 
hydrodynamic diameter of the supramolecular nanomotor (d) is inversely related 
to the time-dependent particle diffusion coefficient D(t), which is only valid when 
no fuel is present in the system and when the particles move under Brownian 
motion. Due to the inverse relation between diffusion and apparent size, the sizes 
of the nanoreactors appeared to be smaller when fuel was added compared to the 
situation when no fuel was present. As NTA also provided visualisation of 
particles, it was suitable for tracking non-Brownian motion, for instance when fuel 
was added to the filled nanoreactors.  
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A self-diffusiophoretic model, proposed by Golestanian et al., was used to 
determine the speed of the nanoreactors (14). In this model, it was described that 
for a particle with a velocity V, the direction of motion is itself subject to 
rotational diffusion, which is a coupling between rotational and translational 
motion. The mean squared displacement,ΔL2, is given in two limiting forms. For 
short periods, a parabolic component where the rotational diffusion constant  
r >> t, the mean squared displacement was described with eq. 5: 
 
L2 = 4Dt + (Vt 2)        (eq. 5). 
 
Here the contribution to the displacement due to propulsion is linear in time, 
while Brownian displacement is proportional to the square root of time. At long 
times, where, r << t, 
L2 = (4D + V 2r )t         (eq. 6), 
the rotational diffusion, leads to a randomisation of the direction of propulsion 
and to a random walk of the particle. The step length is in this case the product 
of the propelled velocity and the rotational diffusion time.  
 
The conversion of glucose or hydrogen peroxide by the nanoreactors was tested by 
measuring a mixture of nanoreactors and substrates with NTA. Nanoreactors 
loaded with catalase were tested with 11 mM, 50 mM and 111 mM H2O2. Upon 
addition of glucose (5 mM and 10 mM), the nanoreactors became active after 
several seconds after the addition of glucose. This can be attributed to the slower 
GOx enzyme.   
 
Figure 4.7 a shows typical curves for the mean squared displacements of particles 
as a function of elapsed time at various concentrations. Each curve was produced 
by averaging over 17 frames over 0.5 seconds. By adding more hydrogen peroxide 
(Figure 4.7 a) or glucose (Figure 4.7 b), the parabolic component increased which 
suggested a non-Brownian motion component that is related to the concentration 
of fuel. These plots were fitted to eq. 5 for the observation of the parabolic 
component because the NTA system is limited in tracking particles for longer 
periods of time and at high capture rates. For each concentration 100 particles 
were independently fitted, which yielded the average speeds, v, as function of fuel 
concentration (27) (Figure 4.7 c and d).  
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Figure 4.7 Typical MSD curves of a catalase-filled nanoreactor (a) and from a catalase-
GOx driven nanoreactor (b) after the addition of fuel at different concentrations. (c) 
and (d) show average speeds calculated from the tracking coordinates of 100 particles for 
nanoreactors fueled with H2O2 and glucose.  
 
The average speeds of the catalase loaded nanoreactors were found to be           
15 µm s-1, 26 µm s-1 and 60 µm s-1 at H2O2 concentrations of 11 mM, 50 mM and 
111 mM, respectively. For GOx loaded nanoreactors, average speeds of 6 µm s-1 
and 11 µm s-1 at glucose fuel concentrations of 5 mM and 10 mM were found. As 
expected, increasing the fuel concentration raised the velocity of the particles. In 
absence of hydrogen peroxide, linear curves were obtained, indicating the expected 
simple diffusive behavior of particles with Brownian motion with v = 0 µm s-1.  
 
The obtained speeds for the nanoreactors, loaded with catalase, were more than 
three times higher than the speeds of previously reported platinum-driven 
nanoreactors (36). This is probably due to the high catalytic activity of catalase 
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and the relatively high encapsulation efficiency. Comparing the nanoreactors with 
GOx and catalase to previously reported examples, for instance to carbon 
nanotubes where GOx and catalase were chemically attached, showed that in our 
case much less glucose was required for autonomous movement (18). This can be 
possibly attributed to the confined space where the reaction took place, which 
allowed for faster transfer of substrates and intermediates between different 
enzymes compared to systems where enzymes were chemically attached to the 
surface and the transfer of molecules relies on diffusion in the entire solution.  
 
For further proof, an experiment was performed in which 90% empty 
stomatocytes and 10% catalase-loaded nanoreactors were measured. As expected, 
the autonomous movement of the filled nanoreactors was observed simultaneously 
with the expected Brownian motion of the empty stomatocytes. This indicated 
that the observed movement is autonomous and not caused or influenced by drift 
or flow due to gas formation in the chamber. To test if glucose and hydrogen 
peroxide did not influence the apparent size, the fuels were separately added to 
empty stomatocytes. No change in their Brownian motion and trajectories was 
observed.   
 
To test the protection of encapsulated enzymes by the nanoreactor from other 
proteins such as proteases (trypsin) or enzymes that interfere with the cascade 
(catalase), these enzymes were added to a suspension of nanoreactors, and their 
movement was analysed, see Figure 4.8.  
 
A minimal effect on the average speed of the nanoreactors was observed, which 
indicates that the nanoreactor facilitated protection of the encapsulated content. 
Additionally, the addition of sodium azide to the suspension of nanoreactors 
containing GOx and catalase was tested. Upon addition of azide, the trajectories 
of the nanomotor and their sizes showed the recovery of Brownian motion 
characteristics of nanoreactors in the absence of fuel. It can therefore be 
concluded that sodium azide irreversibly inhibits catalase regarding the 
decomposition of hydrogen peroxide and the subsequent propulsion of the 
particles. 
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Figure 4.8 (a) Schematic representation of the protective effect of the encapsulation of 
enzymes GOx and catalase in the nanoreactors. (b) MSD’s of nanoreactors loaded with 
GOx and catalase in the presence of trypsin or catalase, added externally to the mixture. 
The velocity (V) was extracted from the fitting of the average MSD’s by eq. 5. Trypsin 
is not able to diffuse into the nanoreactors. Addition of catalase to the outer solution has 
little to no effect on the activity of the nanoreactors. 
4.3 Conclusions 
A mild strategy was developed to incorporate enzymes inside the cavity of 
polymeric nanoreactors via an  osmosis induced shape transformation of 
polymersomes. It was shown that the enzymes retained activity and that the 
nanoreactors were capable of autonomous movement. The GOx-catalase 
nanoreactors were found to propel with high speeds when glucose at biologically 
relevant concentrations was used as a fuel. It was shown that the shape of the 
nanoreactors allowed for the protection of the enzymes from proteolytic enzymes 
or enzymes that could interfere with the enzymatic pathway. This strategy is a 
promising tool for the entrapment of other proteins that can perform a series of 
tasks next to autonomous movement. It provides a broader scope to nanoreactor 
design for artificial cell research, and the encapsulation, release and protection of 
proteins could be useful to other fields such as drug/protein delivery. 
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4.5 Experimental 
All chemicals and enzymes were used as received unless otherwise stated. Ultra-
pure MilliQ water, obtained with the help of a Labconco Water Pro PS 
purification system (18.2 MΩ), was used for the procedures of polymersome self-
assembly and the dialyses experiments. Dialysis Membranes MWCO 12-14000 
g/mol Spectra/Por® were used where required. Ultrafree-MC centrifugal filters 
0.22 μm were purchased from Millipore. Sodium nitrate was purchased from 
Merck. Catalase (E.C. 1.11.16) from Bovine Liver, lyophilized powder 2000-5000 
U mg-1 was purchased from Sigma Aldrich. Glucose Oxidase (E.C. 1.1.3.4) from 
Aspergillus Niger Type II lyophilized powder 228.25 U mg-1 was obtained from 
Sigma Aldrich. Peroxidase from Horseradish (E.C. 1.11.1.7) Type I, 50-150 U mg-
1 solid and Ampliflu™ Red were purchased from Sigma Aldrich. Poly(ethylene 
glycol)44-b-poly(styrene)167 (PEG-PS, Mw = 19.6 kg mol-1, PDI Mw/Mn = 1.07. 1H 
NMR (400 MHz, CDCl3), δ: 7.1-6.2 (br. s, PS arom.), 3.7-3.4 (br. s, PEG 
backbone), 1.8-1.3 (br. s, PS backbone)) was a kind gift from Loai Abdelmohsen. 
Fluorescence analysis 
Fluorescence measurements were performed in black 96-well, F-Bottom 
microplates (Greiner Bio-One) on a Tecan Infinite 200 PRO Microplate Reader at 
25 °C.  
Proton nuclear resonance 
1H NMR spectra were recorded on a Varian Inova 400 spectrometer with CDCl3 
as a solvent and TMS as internal standard. 
Gel permeation chromatography 
Gel permeation chromatography was used to determine the molecular weight of 
the block-copolymer. A Shimadzu Prominence GPC system was used equipped 
with a PL gel 5 μm mixed D column (Polymer Laboratories), a differential 
refractive index and a UV (254 nm) detector. THF was used as an eluent with a 
flow rate of 1 mL min-1. Polystyrene standards in the range of 580 to 377,400 g 
mol-1 were used for calibration. 
Transmission electron microscopy  
Transmission electron microscopy (TEM) experiments were performed on a JEOL 
1010 microscope (JEOL) equipped with a CCD camera at an acceleration voltage 
of 60 kV. Samples were prepared by placing 5 µL of the solution on a carbon-
Chapter 4 
112  
coated Cu grid (200 mesh, EM science) and were allowed to air-dry for at least 24 
hours. Processing and analysis of TEM images was performed with ImageJ, a 
program developed by the NIH and available as public domain software at 
http://rsbweb.nih.gov/ij/.  
Cryogenic transmission electron microscopy 
The cryogenic transmission electron microscopy (Cryo-TEM) experiments were 
performed on a JEOL TEM 2100 microscope (JEOL) and processed and analysed 
with ImageJ. 
AF4-UV-MALS-Qels  
The asymmetric flow field flow fractionation – UV – QELS (AF4-UV-QELS) 
experiments were performed on a Wyatt Eclipse AF4 instrument connected to a 
Shimadzu LC-20A Prominence system with a Shimadzu CTO20A injector. The 
AF4 was further connected to the following detectors: a Shimadzu SPD20A UV 
detector, a Wyatt DAWN HELEOS II light scattering detector (MALS) installed 
at different angles angles (12.9°, 20.6°, 29.6°, 37.4°, 44.8°, 53.0°, 61.1°, 70.1°, 80.1°, 
90.0°, 99.9°, 109.9°, 120.1°, 130.5°, 149.1°, and 157.8°) using a laser operating at 
664.5 nm, a Wyatt Optilab Rex refractive index detector and a QELS detector 
installed at angle of 140.1°. Detectors were normalised using Bovine Serum 
Albumin and for enzymes molecular weight calculations, dn/dc of 0.1850 was 
used. The AF4 channel was pre-washed with running solution of 5 mM NaNO3, 
which was also used for the separation. The flow conditions applied for the AF4 
separation of stomatocytes from enzymes were the following: 1.00 mL min-1 
detector flow, 1.00 mL min-1 focus flow and 0.20 mL min-1 injection flow. The 
cross flows are listed in Table 4.2. The same parameters were used earlier for 
separation of platinum nanoparticles from stomatocytes (12). For the control 
experiments with the enzymes (catalase and/or GOx), 20 µL from a 3 mg mL-1 
solution in MilliQ was injected into the AF4 short channel. The flow conditions 
applied for the elution of enzymes were the following: 0.5 mL min-1 detector flow, 
1.50 mL min-1 focus flow and 0.20 mL min-1 injection flow. The corresponding 
cross flows are given in Table 4.3. For the stomatocytes control experiments 
without enzymes, 20 µL from a 10 mg mL-1 solution was injected, while for the 
stomatocyte control experiments mixed with enzymes (catalase and/or GOx) 40 
µL from a 10 mg mL-1 polymer (PS-PEG) mixed with 3 mg mL-1 enzymes solution 
was injected into the AFFF short channel. The processing and analysis of the LS 
data and hydrodynamic radii calculations were performed using Astra 6.1.1. All 
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AF4 separations were performed on AF4 short channel with regenerated cellulose 
(RC) 10 KDa membrane (Millipore) and spacer of 350 µm.  
Table 4.2 General method for the AFFF separation of stomatocytes from enzymes. 
 
Start (min) End (min) Mode Cross flow 
start         
(mL min-1) 
Cross flow 
end         
(mL min-1) 
0 1 elution 3.00 3.00 
1 2 focus - - 
2 3 focus + inject - - 
3 4 focus - - 
4 6 elution 3.00 1.17 
6 8 elution 1.17 0.49 
8 10 elution 0.49 0.24 
10 13 elution 0.10 0.10 
13 30 elution 0.10 0.10 
30 31 elution 0.00 0.00 
31 32 elution+ inject 0.00 0.00 
32 37 elution 0.00 0.00 
 
Table 4.3 General method for the AFFF elution of enzymes. 
 
Start (min) End (min) Mode Cross flow 
start         
(mL min-1) 
Cross flow 
end         
(mL min-1) 
0 2 elution 3.00 3.00 
2 3 focus - -
3 5 focus + inject - -
5 6 focus - -
6 22 elution 3.00 3.00 
22 25 elution 0.00 0.00 
25 28 elution+inject 0.00 0.00 
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Nano-particle tracking analysis  
A Nanosight LM10HS instrument (Malvern Instruments), equipped with an 
Electron Multiplication Charge Coupled Device (EMCCD) camera, was used for 
nano-particle tracking analysis. The camera was mounted on an optical 
microscope in order to track the light scattered by the injected particles that were 
present in the focus of an 80 μm beam generated by a single mode laser diode 
with a 60 mW blue laser illumination (405 nm). Solutions were injected into the 
Nanosight sample chamber. The chamber had a 0.5 mL size volume of a fraction 
of 120 x 80 x 20 microns. The Brownian motion of the nanoparticles was tracked 
with 30 frames s-1. NTA 2.2 software was used to track the vesicles and from this, 
their mean square displacement (MSD) was calculated. The same method of MSD 
calculation is explained in detail elsewhere (36). 
Self-assembly of PEG-PS into polymersomes and shape transformation into 
nanoreactor structures  
Block-copolymer PEG44-b-PS167 (20 mg) was dissolved in 2 mL of a mixture of 
freshly distilled THF and dioxane (4 : 1 v/v) in a 15 mL vial equipped with a 
magnetic stirring bar. The vial was capped with a rubber septum, followed by the 
addition of 3 mL of MilliQ via a syringe pump with a rate of 1 mL h-1 while 
stirring the solution vigorously. The resulting cloudy suspension was transferred 
into a dialysis membrane (SpectraPor, molecular weight cut-off: 12,000-14,000 Da, 
flat width 25 mm), which was first swollen in MilliQ for 30 min. The 
polymersomes were dialysed against water (1000 mL) for at least 24 hours. The 
resulting polymersomes were loaded onto spin filters in order to concentrate them 
to a 10 mg mL-1 solution. Subsequently, a mixture of THF : dioxane (4 : 1 v/v) 
was added via a syringe pump (300 μL h-1) to the polymersome solution. The vial 
was sealed during the addition with a septum while a 0.6 mm thin needle was 
placed in the septum for release of overpressure resulting from the high solvent 
vapor pressure. For nanoreactors with a large opening, 150 µL of solvent was 
added over 30 minutes before quenching with water. When a total volume of 300 
µL was added over 60 minutes to a polymersome solution, stomatocytes were 
obtained with a decrease in the size of the opening. Almost closed structures were 
obtained when 450 µL organic solvent was added over 90 minutes to a 
polymersome solution. By the addition of even more organic solvent (600 µL) over 
120 minutes to a polymersome solution, spherical polymersomes could be 
obtained. After addition of the organic solvent, the structures were quenched by 
the addition of 2 mL of water. The mixture was spin filtrated over 0.22 µm 
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membranes to remove the organic solvent and to concentrate them to a 10 mg 
mL-1 solution. 
Encapsulation of enzymes and closure of the nanoreactor cavity 
Catalase (6 mg) or a mixture of catalase (2 mg) and GOx (6 mg) were dissolved 
in 500 μL of the colloidal open-neck nanoreactor solution. Subsequently, 150 μL of 
THF/dioxane (80 : 20 v/v) were added to the mixture at a rate of 300 μL h-1 
while there was a 0.6 mm needle inserted through the septum throughout the 
whole experiment. The structures were purified from the free enzymes via dialysis 
and spin filtration using an aqueous 5 mM NaNO3 solution. 
Release of enzymes from nanoreactor cavity 
Encapsulated enzymes were released from the nanoreactor cavities by the direct 
addition of 150 μL of THF/dioxane (80 : 20 v/v). Subsequently, the samples were 
dialysed against 5 mM NaNO3 solution to remove the organic solvent. The 
presence of free enzymes was checked by injecting 20 μL of the colloidal solution 
into the AFFF, which eventually resulted in 2 peaks, one corresponding to the 
enzymes and the other to the formed polymersomes. 
Loading efficiency determination based on enzymatic activity of GOx-catalase and 
catalase loaded nanoreactors 
For catalase activity, a standard curve was prepared from a 10 U mL-1 catalase 
stock solution. Concentrations were chosen to obtain a final concentration 
between 0 to 0.8 U ml-1 in 100 μL assay volume. Catalase-containing samples were 
approximately 1000 times diluted to 86 μL in order to obtain concentrations that 
fall into the standard curve concentrations. To start the reaction 4 μL of 500 μM 
H2O2 was pipetted to every well containing the standard and experimental 
solutions. After 30 minutes of incubation at room temperature, 20 μL of a master 
mix containing HRP (100 μL of 10 U mL-1, 8.69 U mL-1)) and Ampliflu™ Red (5 
μL of 20 mM in DMSO, 869.6 μM) was added to each well. Fluorescence was 
measured, using excitation at 550 nm and emission at 590 nm, after 5 minutes of 
incubation at room temperature. A background correction was made by 
subtracting the value from the no-catalase control from every sample. For 
catalase, the activity of the nanoreactors was determined using the interpolation 
of a 3rd order polynomial fit across the catalase concentrations vs. fluorescence in 
the range between 30 µg mL-1 and 120 µg mL-1 (y = -38,627,555.56x3 + 
41,291,376.19x2 - 15,014,687.06x + 1,909,231.93, R2 = 1.00). 
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In order to determine the activity of GOx, a glucose oxidase standard curve was 
prepared by dilution of the appropriate amount of the glucose oxidase stock 
solution to 89.5 μL, to obtain a final concentration between 0 and 0.4 U ml-1 in 
100 μL assay volume. For GOx, the relationship found was y = 297.69x-5.26, r2 = 
0.99 in the range of 0.3 – 1.5 µg mL-1 GOx. 
 
Nanoreactors were serially diluted to 89.5 μL to determine the optimal amount of 
sample that falls in the standard curve range. Standard curve and nanoreactors 
samples were loaded into individual wells of a microplate. The reaction was 
started by adding with a multipipette to each well, 11.5 µL of a master mix 
containing glucose (10 μL of 1 mM, 86.9 µM), HRP (100 µL of 10 U ml-1, 8.69 U 
mL-1)) and Ampliflu™ Red (5 µL of 20 mM in DMSO, 869.6 µM).The progress of 
the reaction was monitored directly for 10 minutes by measuring the increase in 
fluorescence emission at 590 nm after excitation at 550 nm. For each point, the 
value derived from the negative control was subtracted. Stock solutions of 10 U 
mL-1 of GOx, 10 U mL-1 catalase, 10 U mL-1 HRP, 20 mM Ampliflu™ Red 
(DMSO), 500 µM H2O2 and 1 mM glucose were freshly prepared before each series 
of measurements. All dilutions were made in 100 mM potassium phosphate buffer, 
pH 7.0. 
Autonomous movement of the nanoreactor 
The concentrations of the enzyme containing nanoreactors were adjusted to values 
between 107 and 109 particles, thereafter fuel was added (different concentrations 
of H2O2 or glucose) and the samples were injected into the Nanosight sample 
chamber. 
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5.1 Introduction 
Biochemical reactions in cells take place in a variety of compartments which are 
separated from other compartments by means of semi-permeable membranes. 
Compartmentalisation can separate chemically heterogeneous environments in 
order to provide local, optimised reaction conditions. Moreover, the cell also 
employs specific organelles such as lysosomes and peroxisomes, to protect itself 
against lytic enzymes such as proteases and to prevent unwanted digestions of 
other organelles within the cell. Another key property of compartmentalisation is 
the effect on the regulation of metabolic pathways. The isolation of a metabolic 
pathway in small compartments will make them more reliable without 
interference from the outside with competing reactions. In this chapter, the aim is 
to encapsulate the non-natural regulatory enzymatic network from chapter 3 in 
the asymmetric polymeric capsule, reported in chapter 4, and to evaluate the 
performance of the polymeric vesicle under out-of-equilibrium conditions (Figure 
5.1).  
 
 
 
Figure 5.1 (a) Schematic representation of the nanoreactors containing four enzymatic 
cycles which are able to convert glucose and phosphoenolpyruvate (PEP) into movement 
of the construct. (b) Rational design of a metabolic pathway for double-cycling of 
natural substrates leading to autonomous movement. The activation cycle, starting with 
glucose and phosphoenolpyruvate, feeds forward the pyruvate – L-lactate cycle with 
regeneration of β-NADH, and is controlled by the amount of ATP present in the system. 
The negative feedforward regulation by pyruvate enables a tunable continuous local 
production of oxygen by the motor cycle. When encapsulated in nanoreactors, the 
nanopore allows the escape of oxygen produced, which leads to autonomous movement 
of the construct. 
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The network allows the conversion of multiple natural substrates via four 
metabolic modules into hydrogen peroxide, which is decomposed in the final step 
to molecular oxygen when catalase is added to the network.  
5.2 Results and discussion 
5.2.1 Compartmentalisation of the metabolic network 
The enzymatic network, described in chapter 3 that was designed for sustained 
hydrogen peroxide production, was encapsulated in the asymmetric polymeric 
vesicles reported in chapter 4. 
 
These supramolecular architectures were constructed via the controlled shape-
transformation of polymersomes made from poly(ethylene glycol)44-b-
poly(styrene)167 amphiphilic block-copolymers (PS-PEG) following previously 
reported preparation conditions (1). The nanoreactors were transformed in the 
presence of the enzymatic network with a total protein concentration of 17.2 mg 
mL-1. The enzyme-loaded bowl-shaped structures were characterised with cryo-
transmission electron microscopy (cryo-TEM), transmission electron microscopy 
(TEM) and energy dispersive X-ray spectroscopy (EDX), see Figure 5.2. No 
disturbance in the shape and the membrane morphology of the enzyme-filled 
nanoreactors could be observed compared to empty stomatocytes (Figure 4.2). 
The bilayered polymersome membrane was observed, including the small opening 
that connects the nanocavity with the outside environment. The dark spots inside 
the vesicles suggest the presence of enzymes as a result of their relatively high 
electron density (fig 5.2a middle and 5.2b). As these images were made with 
conventional TEM, the enzymes were aggregated due to the applied vacuum. The 
enzyme entrapment was further investigated by TEM in combination with energy 
dispersive X-ray. This technique enables mapping of specific atoms which are 
characteristic for the enzymes, such as iron for catalase or sulfur for the proteins 
that contain methionines and cysteines. As is shown in Figure 5.2 a, right, the 
presence of sulfur in the nanoreactors was clearly visible. The encapsulation of the 
enzymatic network was further evaluated with SDS-PAGE densitometry. For this 
experiment, the enzymes were released from the nanoreactors by reshaping the 
bowl-shaped structures back into polymersomes by the addition of organic solvent 
(Figure 5.3 a). With SDS-PAGE the protein profiles for the released enzymes 
were compared with a bulk solution containing a similar enzyme composition 
(figure 5.3 b). 
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Figure 5.2 Characterisation of the nanoreactors. (a) Cryo-transmission electron 
microscopy (cryo-TEM) image of a nanoreactor (left). TEM image of nanoreactors 
loaded with the enzymatic network (middle). TEM coupled with energy dispersive X-ray 
spectroscopy showing the mapping of sulfur (S), specific to the cysteines and 
methionines in the enzymes and their localisation inside the nanoreactors (right). Scale 
bars 100 nm (left) and 1 m (middle and right). (b) TEM images of nanoreactors loaded 
with the enzymatic network. Scale bar: 100 nm.   
 
Furthermore, a quantitative determination of the encapsulation efficiency was 
performed by loading a dilution row of released enzymes (3 - 5 x) on a gel and 
comparing this with a concentration row of a bulk solution of enzymes with a 
similar composition (figure 5.3 c). From these  experiments it can be concluded 
that the entrapment of the enzymes in nanoreactors and their release did not 
affect the enzyme composition; a preference for encapsulation of one of the 
enzymes during entrapment was not observed. A recovery of enzymes from the 
nanoreactors up to 22 % was found for every enzyme from an initial feed 
concentration of 17.2 mg mL-1 (total enzyme concentration), see Figure 5.3 c and 
d. As was found previously, this is significantly higher than statistical inclusion 
and it is assumed that the encapsulation process was influenced by the presence of 
the enzymes (2, 3).  
a)
b)
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Figure 5.3 Quantification of enzyme loading via SDS-PAGE. (a) Schematic 
representation of the release of the enzymatic network from the nanoreactors by 
reshaping the bowl-shaped structure into polymersomes by the addition of organic 
solvent. (b) Intensity profile of an SDS-PAGE lane, loaded with enzymes recovered from 
re-opened nanoreactors. SDS-PAGE shows the bands of the enzymes of the network 
after release from re-opened nanoreactors. (c) SDS-PAGE of released enzymes from the 
nanoreactors (3-5 x diluted respectively) and a concentration row (standard curve) made 
from the enzyme solution that was used for nanoreactor loading. All proteins were 
detectable in every lane. (d) Protein bands were identified and quantified. A loading 
efficiency up to 22 % from the feed concentration of every enzyme was derived. 
 
The nanoreactor activity was tested by following β-NADH fluorescence over time 
upon substrate addition. As observed in our bulk-experiments, the β-NADH levels 
initially increased due to the production of glucose-6-phosphate from glucose by 
the activation cycle (Figure 5.4). The initial increase depends on the initial [ATP] 
and shows that the activation of the network depends on this cofactor and that 
ATP is accelerating the pyruvate - L-lactate cycle. After the initial increase, the 
level β-NADH reached a steady state which means that the pyruvate - L-lactate 
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cycle became fuelled with pyruvate and thus started to consume β-NADH. A 
fast decrease in [β-NADH] was measured when glucose became depleted and the 
enzymatic network stopped functioning. The β-NADH profiles were comparable 
with the data obtained from the experiments performed on the enzymatic network 
in bulk (Figure 3.8). Furthermore, these results support the observations from 
SDS-PAGE analysis where it was found that the entrapment and release of 
enzymes did not affect the enzyme composition. 
 
In Chapter 3, a mathematical model was described that was developed for gaining 
insight in the behaviour of the enzymatic pathway. The mathematical model 
showed good agreement between simulated and experimental data in bulk 
conditions and thus exhibits the key features of the enzymatic network. 
Furthermore it showed that classical enzyme kinetics were applicable for the 
prediction and optimisation of the behaviour of the enzymatic network.  
 
The mathematical model from Chapter 3 was fitted to the experimental data of 
an ATP concentration row on nanoreactors (Figure 5.4).  
 
 
 
Figure 5.4 Time courses for the encapsulated enzymatic network, depicting data points 
from β-NADH production and consumption for various initial concentrations of ATP.  
Solid lines represent model predictions. 
 
A good agreement was found between the experimental data and the fit from the 
model, providing further evidence that the main properties of the network are not 
altered during compartmentalisation. Initial slopes obtained from the nanoreactor 
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assays were compared with slopes from a standard concentration row of the 
enzyme mix in bulk. When equal activity was assumed of the bulk and 
encapsulated enzyme systems, a loading efficiency could be determined of 32 ± 4 
%. These results confirm that the enzyme encapsulation is a highly efficient 
process and that enzymes retained their activity upon compartmentalisation. 
5.2.2 Analysis of movement of the nanoreactors 
After demonstrating that the enzymatic pathway can be entrapped efficiently in 
the cavity of the assembly, the autonomous movement driven by the enzymatic 
network was investigated. The conversion of chemical energy into movement was 
analysed with nanoparticle-tracking analysis (NTA). This technique uses laser 
light scattering combined with a charge-coupled device camera to track the 
movement of the particles in real-time and is discussed in more detail in Chapter 
4.2.2. Nanoreactors loaded with the enzymatic network, substrates and cofactors 
were mixed with empty nanoreactors (1 : 9 v/v) and were measured with NTA.  
 
Autonomous movement of the nanoreactors in the presence of substrates (10 mM 
glucose) and cofactors was observed. Over a period of three hours, individual 
trajectories were measured by NTA in order to derive average mean square 
displacements (MSD). At every time point, 60 particles were tracked for 90 
seconds and average speeds were calculated over this time period (Figure 5.5 a). 
At the same time point, the glucose concentration was determined experimentally 
(Figure 5.5 b). Figure 5.5 shows steady movement speed during glucose 
consumption. These results demonstrate the crucial importance of enzymatic 
networks to drive displacement: independently of the glucose concentrations, and 
during considerable reaction times, the output of the network (H2O2 production 
rate) is more or less constant for hours. 
 
To further demonstrate the out-of-equilibrium behaviour of the encapsulated 
enzymatic network, a control experiment was performed with nanoreactors loaded 
with a well-studied 2 - step enzymatic cascade based on glucose oxidase (GOx) 
and catalase, which directly runs to an equilibrium state (Chapter 4) (1). For a 
valid comparison of the two systems, it was chosen to fuel stomatocytes with the 
enzymatic network and stomatocytes with the 2-step enzymatic cascade with 
various concentrations of glucose. The relatively very slow glucose conversion by 
GOx from the enzymatic cascade, made it experimentally difficult to obtain 
reliable speed data due to sedimentation in the measuring chamber.  
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Figure 5.5 Average speeds of the nanoreactors over time, with 10 mM glucose as 
starting concentration (a). For every time point, average speeds were calculated from 
the MSD’s of 60 particles over 90 seconds. Experimentally determined glucose 
concentrations over time (b). The depletion of glucose does not influence the 
nanoreactor speed. 
 
The starting concentration of glucose was therefore varied and average speeds 
were measured directly after addition of the glucose over 90 seconds (Figure 5.6). 
A correlation was found between the velocity of the nanoreactors with the cascade 
and the glucose levels (Figure 5.6 b). As expected, nanoreactors with the 
enzymatic network exhibit relatively constant speeds at various glucose 
concentrations (Figure 5.6 a). Control experiments were performed by the 
addition of fuel to empty nanoreactors or by investigating filled nanoreactors 
without fuel. As expected, no change in their Brownian motion was observed. The 
design of the network and the obtained steady state allow for a constant speed of 
the particles even at variable fuel concentrations by regulating its fuel 
consumption.  
 
To confirm the regulatory function of ATP on the performance of the 
nanoreactor, the concentration of ATP was varied from 0.25 mM to 1 mM and an 
approximately 40% increase in propulsion speed was observed over this regime 
(Figure 5.7). This increase could also be rationalised by our mathematical model, 
which shows an increase in hydrogen peroxide production rates when ATP 
concentrations are increased. This is in agreement with the stable average speeds 
we observed experimentally.  
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Figure 5.6 (a) Average speeds of the nanomotors at different glucose concentrations; 
the depletion of glucose to 1 mM does not influence the speed of nanoreactors loaded 
with the enzymatic network. (b) Nanoreactors loaded with an enzymatic cascade show a 
direct correlation between glucose concentrations and speed. 
 
 
Figure 5.7 Average speeds of the nanoreactors in substrates and cofactors at different 
ATP concentrations (a). For every concentration, average speeds were calculated from 
the MSD’s of 60 particles. Simulated H2O2 production rates at various ATP 
concentrations (b). The trend found in simulated H2O2 production rates corresponds 
with the propulsion rates from the nanoreactors. 
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We note that the enzymatic network consumes oxygen, as for every mole of 
oxygen consumption by LO, the catalase produces ½ mole of oxygen for every 
mole of glucose oxidised. However, the system produces oxygen locally (as 
observed by visible bubble formation after prolonged reaction times at high 
glucose concentrations), and the oxygen consumed in the beginning of the final 
cycle is replenished by the time hydrogen peroxide is converted into oxygen. To 
demonstrate this hypothesis, first, in a closed system, oxygen depletion was 
measured over a two hour period (see Figure 5.8). In an open system however, the 
oxygen level in solution remained constant, indicating that the mass transfer rate 
of O2 over the air-liquid interface is greater than the net O2 consumption by the 
enzymatic network. Besides particle motion through local O2 production, we 
hypothesised that the final reaction in our network, the exothermic decomposition 
of H2O2 into O2 and H2O can locally also increase the temperature and thus lower 
the maximum solubility of the newly produced O2 in the local environment. Local 
heat and density fluctuations can therefore contribute to the particle propulsion 
as well (4, 5). 
 
Figure 5.8 O2 levels in a solution of activated nanoreactors in an open chamber (red) 
and in a closed chamber (black). A net oxygen consumption is observed in the closed 
system due to net O2 consumption by the combined action of LO and catalase as 
catalase produces ½ mole of oxygen for every mole of glucose oxidised. In the open 
chamber, no decrease in oxygen is observed in the presence of activated nanomotors. 
This indicates that the rate of O2 replenishment from air to solution is greater than the 
net O2 consumption. 
 
0 30 60 90 120
0
100
200
300  open chamber
 closed chamber
μM
 O
2
Time (min)
addition of 
substrates
Compartmentalisation of an enzymatic network 
131 
Finally, the protective element of compartmentalisation and the effect of 
confinement were evaluated by performing an experiment in a complex chemical 
medium, such as human blood serum (HBS). HBS was chosen as it contains many 
different proteins and enzymes, including catalase. Nanoreactors were mixed with 
human blood serum and their movement measured by means of NTA (Figure 
5.9). The glucose (4 mM) and L-lactate (0.08 mM) levels in the serum were more 
than sufficient to induce movement of the nanoreactors. A similar experiment was 
performed with nanoreactors loaded with only catalase. The enzymes that 
together produce H2O2 were added to human blood serum. H2O2 was thus 
produced not in the cavity but in bulk, whereas catalase inside the nanoreactors 
could employ this fuel to induce movement. No movement was observed however, 
most probably as a result of the fact that H2O2 concentration was lowered to such 
an extent that the entrapped catalase cannot induce propulsion anymore. 
 
 
Figure 5.9 Demonstration of nanoreactor movement in human serum (a) full network 
compartmentalised; (b) nanoreactors loaded with catalase only, the remainder of the 
network is added to the serum. (c) Speed analysis of the nanoreactors depicted in (a) 
and (b). 
 
Enzyme compartmentalization therefore allows for in situ local O2 production that 
directly acts as driving force for efficient movement.   
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5.3 Conclusions 
In summary, a compartmentalised network was developed which was able to show 
a regulated, sustained performance under out-of-equilibrium conditions; it allowed 
the conversion of chemical energy into motion by using natural components at 
physiological conditions. Confinement enabled the regulation of the flux of 
substrate molecules through the network, and the localised metabolism is a 
prerequisite to achieve efficient energy transfer. In the context of bottom-up 
synthetic biology, this out-of-equilibrium metabolic network concept can be 
extended to other functions than motion, thereby providing a significant advance 
in the development of molecular life-like systems.   
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5.5 Experimental 
Materials 
All chemicals and enzymes were used as received unless otherwise stated. β-
NADH, β-NAD+, ATP magnesium salt, D-glucose (glucose), glucose-6-phosphate 
(g-6-p), sodium phosphoenolpyruvate (PEP), sodium pyruvate, sodium L-lactate, 
magnesium chloride, human blood serum (HBS, from male AB clotted whole 
blood, sterile filtered, USA origin), pyruvate kinase from rabbit muscle (PK, EC 
2.7.1.40, 475 units mg−1), L-lactate dehydrogenase  recombinant from E. coli 
(LDH, EC 1.1.1.27, 257 units mg−1), catalase from bovine liver (CAT, 3750 units 
mg-1, EC 1.11.1.6), glucose oxidase from Aspergillus niger Type II, (GOx, E.C. 
1.1.3.4)  lyophilised powder 228.25 U mg-1, peroxidase from horseradish (HRP, 
E.C. 1.11.1.7) type I, 50-150 U mg-1 solid and Ampliflu™ Red were purchased 
from Sigma Aldrich. L-lactate oxidase from Pediococcus species (LO, EC 
1.1.3.2, 1000 units mg−1) was received from BBI Enzymes. Hexokinase from 
Saccharomyces cerevisiae (HK, EC 2.7.1.1, 202 units mg-1) and glucose-6-
phosphate dehydrogenase from Leuconostoc mesenteroides (G6PDH, EC 
1.1.1.363, 507 units mg-1) were purchased from Worthington. Stock solutions of all 
enzymes (10 mg mL−1) and substrates were prepared in 100 mM KPi (pH 7.0) 
containing 10 mM magnesium chloride. Ultrapure MilliQ water was obtained with 
a Labconco Water Pro PS purification system (18.2 MΩ) and was used for the 
procedures of polymersome self-assembly and their dialysis. Dialysis Membranes 
MWCO 12000-14000 g/mol Spectra/Por® were used for dialysis. Ultrafree-MC 
centrifugal filters 0.22 μm and 10 kDa were purchased from Millipore. Sodium 
nitrate was purchased from Merck. 4X Laemmli Sample Buffer and the protein 
marker (Precision Plus Protein™ Prestained Dual Color) were purchased from 
Bio-Rad. Poly(ethylene glycol)44-b-poly(styrene)167 (PEG-PS, Mw = 19.6 kg mol-1, 
PDI Mw/Mn = 1.07. 1H NMR (400 MHz, CDCl3), δ: 7.1-6.2 (br. s, PS arom.), 3.7-
3.4 (br. s, PEG backbone), 1.8-1.3 (br. s, PS backbone)) was a kind gift from Loai 
Abdelmohsen. 
Fluorescence analysis 
Fluorescence measurements were obtained using black 96-well, F-Bottom 
microplates (Greiner Bio-One) on a Tecan Infinite 200 PRO Microplate Reader at 
25 °C. β-NADH fluorescence was measured by the emission at 460 nm after 
excitation at 350 nm. Ampliflu™ Red generated a red-fluorescent oxidation 
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product, resorufin which has excitation and emission maxima at 571 nm and 585 
nm respectively. 
Transmission electron microscopy  
Transmission electron microscopy (TEM) experiments were performed on a JEOL 
1010 microscope (JEOL) equipped with a CCD camera at an acceleration voltage 
of 60 kV. Samples were prepared by placing 5 µL of the solution on a carbon-
coated Cu grid (200 mesh, EM science) and they were allowed to air-dry for at 
least 24 hours. Processing and analysis of TEM images was performed with 
ImageJ, a program developed by the NIH and available as public domain software 
at http://rsbweb.nih.gov/ij/.  
Cryogenic transmission electron microscopy 
The cryogenic transmission electron microscopy (Cryo-TEM) experiments were 
performed on a JEOL TEM 2100 microscope (JEOL) and processed and analysed 
with ImageJ. 
SDS-PAGE analysis 
SDS-PAGE was performed on a mini-vertical electrophoresis system (Bio-Rad 
Mini-PROTEAN® 2 Cell, Bio-Rad Laboratories), using an electrode buffer (0.1% 
SDS, 0.25 M glycine, 0.025 M Tris-HCl, pH 8.3) at 60 V for 10 min followed by 
120 V for 60 min. The gels were stained and destained according to the 
procedures described by Wong (6). Digital images of the SDS-PAGE gels were 
captured with a Bizhub C554e (Konica Minolta). 
Nano-particle tracking analysis  
A Nanosight LM10HS instrument (Malvern Instruments), equipped with an 
Electron Multiplication Charge Coupled Device (EMCCD) camera, was used for 
nano-particle tracking analysis. The camera was mounted on an optical 
microscope in order to track the light scattered by the injected particles that are 
present in the focus of an 80 μm beam generated by a single mode laser diode 
with a 60 mW blue laser illumination (405 nm). 
Oxygen measurements 
Oxygen measurements were performed with a clark-type oxygen sensor (Oxygraph 
Plus System, Hansatech Instruments). Before every set of measurements, the 
oxygen electrode was calibrated. The calibration and subsequent measurements 
were performed in a temperature controlled (25 °C) cylindrical chamber equipped 
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with a magnetic stirrer (100 rpm). Temperature, sample volume and stirring 
speed were kept constant for all experiments.   
Enzyme encapsulation in nanoreactors  
Block-copolymer PEG44-b-PS167 (20 mg) was dissolved in 2 mL of a mixture of 
distilled THF and dioxane (4 : 1 v/v) in a 15 mL vial equipped with a magnetic 
stirring bar. The vial was capped with a rubber septum, followed by the addition 
of 3 mL of MilliQ via a syringe pump with a rate of 1 mL h-1 while stirring the 
solution vigorously. The resulting cloudy suspension was transferred into a 
dialysis membrane (SpectraPor, molecular weight cut-off: 12,000-14,000 Da, flat 
width 25 mm), which was first swollen in MilliQ for about 30 min. The 
polymersomes were dialysed against water (1000 mL) for at least 24 hours. The 
resulting polymersomes were loaded onto spin filters in order to concentrate them 
to a 10 mg mL-1 solution. Subsequently, a mixture of 150 µL of THF : dioxane (4 
: 1 v/v) was added via a syringe pump (300 μL h-1) to the polymersome solution. 
The vial was sealed during the addition with a septum while a 0.6 mm thin needle 
was placed in the septum for release of overpressure resulting from the high 
solvent vapor pressure. After addition of the organic solvent, the opened 
nanoreactors were quenched by the addition of 2 mL of water. The mixture was 
spin filtrated over 0.22 µm membranes to remove the organic solvent and to 
concentrate them to a 10 mg mL-1 solution. 
 
From 10 mg mL-1 enzyme stock solutions, an enzyme mix was prepared containing 
3.4 mg mL-1 of PK, 5.8 mg mL-1 of HK, 4 mg mL-1 of G6PDH,  1.2 mg mL-1 of 
LDH, 0.8 mg mL-1 of LO and 2 mg mL-1 of CAT in a final volume of 100 µL (total 
protein concentration: 17.2 mg mL-1). For nanoreactors loaded with GOx and 
catalase, an enzyme mix was prepared from 10 mg mL-1 enzyme stock solutions of 
GOx and catalase. The enzyme mixture contained 6 mg of GOx and 2 mg of 
catalase in a final volume of 100 µL. 
 
To a solution of opened nanoreactors (500 µL, 10 mg mL-1 polymer 
concentration), the enzyme mix was added and the vial was sealed with a septum 
and stirred for at least 30 minutes. Subsequently, 150 µL of THF/dioxane (4 : 1 
v/v) was added with a rate of 150 µL h-1 while a 0.6 mm needle was inserted 
throughout the whole experiment to release any excess pressure. After 30 minutes, 
the mixture was spin filtrated over 0.22 µm membranes to remove any excess 
enzymes and organic solvent. Nanoreactors were re-dispensed using MilliQ and 
collected for dialysis against 5 mM NaNO3 solution. After 1 hour, the sample was 
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concentrated into its original concentration (10 mg mL-1 polymer concentration) 
and the dialysis solution was replaced with buffer by means of spin filtration. 
Quantification of enzyme loading by SDS-PAGE (Figure 5.3) 
SDS-PAGE electrophoresis was performed to evaluate the incorporation procedure 
of the six enzymes in the nanoreactors. An experiment in triplicate was performed 
where the enzymes were released from the nanoreactors by reshaping the bowl-
shaped structures back into polymersomes by addition of 150 μL of THF/dioxane 
(4 : 1 v/v) directly to the nanoreactors. Subsequently, the samples were dialysed 
against 5 mM NaNO3 solution to remove the organic solvent. The resulting 
samples were mixed with 4x Laemmli sample buffer and heated to 95 °C for 5 min 
before loading. From each sample a dilution of 4, 5 and 6 times was made and 
loaded on an SDS - polyacrylamide gel (10% acrylamide) in order to validate the 
linearity of the method. A standard curve was constructed from the enzyme 
solution that was used for nanoreactor loading, with increasing protein contents 
(0.63, 1.25, 1.88, 2.50, 3.13 and 3.75 µg per lane). The standard row was loaded 
on the same gel as the dilution row of the samples. Bands were identified and the 
peaks were integrated for quantification. In order to assign the right protein to 
the right band, this gel was compared with a gel in which every enzyme was 
loaded in a separate lane. The enzymes HK (58 kDa) and CAT (60 kDa) were not 
distinguishable on the gels and therefore analysed as couple. Integrating the 
protein peaks for every lane allowed us to confirm uptake of the six enzymes in 
the nanoreactors and to quantify a recovery of enzymes up to 22% from the feed 
concentration of every enzyme.  
Kinetic analysis of nanoreactors (Figure 5.4) 
Nanoreactors containing the enzymatic network were diluted with buffer, 
containing 500 µM β-NAD+ and 10 mM PEP, to obtain a final dilution factor of 
900. For evaluating the effect of ATP, varying concentrations of a stock solution 
of 80 mM ATP were added. The reaction was started by the addition of glucose 
with a final concentration of 2.5 mM in a total reaction volume of 300 µL. The 
effect of glucose was tested by adding different concentrations of an 80 mM 
glucose stock solution. By the addition of ATP to a final concentration of 500 µM 
in a 300 µL reaction volume, the reaction was started. Progress of the reaction 
was monitored directly by measuring β-NADH fluorescence.  
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Quantification of enzyme loading by activity measurements  
Initial rate measurements were performed on the mixture of enzymes that was 
used for the loading of the nanoreactors. Different concentrations of the enzyme 
solution (ranging from 10 μg ml-1 to 0.25 μg ml-1 total enzyme concentration) and 
varying concentrations of nanoreactors (600 – 1800 times dilution) were 
supplemented with 5 mM PEP and 500 μM β-NAD+. The assays were started by 
the addition of ATP and glucose at a final concentration of respectively 500 µM 
and 2.5 mM in 300 μL assay volume. A standard curve was made from the initial 
slopes of the progress curves of the enzyme solutions. An average linear trend fit 
was found across the enzyme mix concentration (0.25 μg/ml and 10 μg/ml) vs. 
rate of β-NADH production (μM min-1) with the equation y = 1.698 – 1.449, R2 = 
0.996. The initial slopes of the progress curves of the nanoreactors were compared 
to the calibration curve to find the concentration of active enzyme in the 
nanoreactor solution. Based on the amount of active enzymes, a loading efficiency 
of 32 ± 4 % was found. 
Movement analysis 
A typical reaction mixture for movement analysis was based on 10 μL of a 
mixture of nanoreactors filled with the enzymatic network with empty 
nanoreactors (1 : 9 v/v). The obtained solution (10 mg mL-1 polymer 
concentration) was diluted at least 600 times with buffer supplemented with 10 
mM PEP and 500 μM of β-NAD+ to obtain a concentration of particles between 
107 mL-1 and 109 mL-1, measured by NTA. Subsequently, glucose (1-10 mM final 
concentration) and ATP (0.25 - 1 mM final concentration) were added and the 
nanoreactors were injected into the Nanosight chamber for measurement of their 
movement. For the movement analysis in HBS, 10 μL of nanoreactor solution (10 
mg ml-1 polymer concentration) were diluted at least 600 times with HBS. 
Subsequently the solution was directly injected into the Nanosight and the X, Y 
coordinates were recorded. NTA 2.3 software was used to track the nanoreactors 
and from their tracking coordinates, mean square displacements (MSDs) were 
calculated (7). The presence of two different nanoreactor populations was 
observed as a result of two different types of movement, Brownian motion (empty 
nanoreactors) and propulsive autonomous movement (enzyme filled nanoreactors). 
The X and Y coordinates were recorded over time and average MSDs were 
calculated from 60 particles. A similar control experiment was performed where 
empty nanoreactors were mixed with the substrates and cofactors. Only Brownian 
motion was observed which indicates that the substrates and cofactors don’t have 
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any observed effect on empty nanoreactors. The movement of nanoreactors upon 
addition of proteases was tested by adding 434 μM trypsin to a nanoreactor 
solution containing substrates and cofactors. No change in speed of the 
nanoreactors was detected. 
 
Subsequently, nanoreactors loaded with the enzymatic network were mixed with 
HBS without any addition of the network’s substrates and cofactors. Autonomous 
movement was observed and the X, Y coordinates were recorded. Average MSDs 
were calculated accordingly. The effect of compartmentalisation was tested by 
measuring the activity of catalase filled nanoreactors in HBS (loading 
concentration catalase 22.5 kU mL-1). The enzymes HK (2.0 units mL-1), PK (2.9 
units mL-1), G6PDH (0.5 units mL-1), LDH (0.5 units mL-1) and LO (1.3 units mL-
1) were added to HBS for in situ production of H2O2 whereas the nanoreactors 
were expected to consume the fuel for autonomous movement. In this experiment, 
only Brownian motion was observed, which proves the importance of 
compartmentalisation. 
Glucose determination (Figure 5.5) 
Glucose levels were determined with an enzymatic assay using GOx, horse radish 
peroxidase (HRP) and 10-acetyl-3,7-dihydroxyphenoxazine (Ampliflu™ Red). In 
this assay, glucose reacted with GOx to form D-gluconolactone and H2O2. In the 
presence of HRP, H2O2 reacted with Ampliflu™ Red in a 1:1 stoichiometry to 
generate red-fluorescent oxidation product, resorufin which has excitation and 
emission maxima at 571 nm and 585 nm respectively. From the reaction mixture 
that was used for the speed analysis, at every time point three aliquots (20 μL) 
were taken and each sample was diluted with 380 μL of buffer and 20 μL of a 1 
mg mL-1 catalase solution to remove remaining H2O2. The suspension was 
subsequently spin-filtrated over 10 kDa Amicon spinfilters at a speed of 14,000 g 
for 10 minutes. The flow-through (10 μL fraction) was mixed with a reaction 
mixture containing 59.5 μL buffer, 20 μL GOx (from a 100 U mL-1 stock solution), 
0.5 μL of Ampliflu™ Red (20 mM stock solution in DMSO) and 10 μL of HRP 
(10 U mL-1 stock solution).  
 
Fluorescence was measured, after 30 minutes of incubation at room temperature 
in the dark. With a standard curve of glucose, the glucose concentration in the 
samples could be determined. The standard curve was prepared by diluting the 
appropriate amount of glucose to 5 – 0.25 μM in 100 μL assay mixtures as 
described above. A background correction was made by subtracting the value 
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from the no glucose control from every sample. Stock solutions of GOx, catalase, 
HRP and Ampliflu™ Red were freshly prepared before each series of 
measurements. All dilutions were made in 100 mM potassium phosphate buffer, 
pH 7.0 containing 1 mM MgCl2 and 1 mM EDTA. 
O2 monitoring (Figure 5.8) 
The O2 levels were measured by performing reactions with nanoreactors in an 
open and in a closed chamber, all at 25 ºC and under stirring (100 rpm). In the 
experiment in a closed chamber, influx of oxygen from the air was prevented by 
covering the liquid surface with argon and subsequent closure of the chamber. 
The samples in the open and closed chamber were measured every 2.5 sec. A 
nanoreactor solution (500 μl), with a similar concentration as was used in the 
kinetic analysis and movement analysis experiments, was prepared and O2 was 
monitored until equilibration. After 10 minutes,  a buffer containing substrates 
and cofactors was added to the chamber with final concentrations of 1 mM 
glucose, 5 mM PEP, 0.5 mM ATP and 0.5 mM β-NAD+. Control experiments 
were performed by measuring O2 levels in time in an open and closed chamber 
filled with buffer, nanoreactors without substrates and substrates in buffer.   
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6.1 Conclusions 
The work described in this thesis aimed to contribute to the development of new 
functional out-of-equilibrium systems for application in life-like or adaptive 
materials via a bottom-up approach. The following section summarises the main 
results of each research chapter and discusses options for future investigations. In 
the second part of this chapter a more general overview of the opportunities of 
these systems will be presented.  
 
The aim of the research described in chapter 2, was the development of a 
construct using biomimetic principles to convert light energy into ATP. The light-
sensitive proton pump deltarhodopsin was coupled with CF1F0 and the genetically 
optimized TF0F1ε∆c in lipid vesicles. By light illumination, the construct was 
expected to synthesise ATP from ADP and Pi. ATP synthesis was observed in 
systems harbouring both CF1F0 and TF0F1ε∆c with dR when ADP was added. The 
origin of activity of the constructs was however not clear. The presence of the 
possible contaminant adenylate kinase was confirmed. Adenylate kinase is an 
enzyme that plays an important role in cellular energy homeostasis and catalyses 
the interconversion of adenine nucleotides towards an equilibrium state. If the 
enzyme is present as a contaminant in life-like systems, it can work against the 
aim to keep systems out-of-equilibrium. This work showed that the isolation and 
reconstitution of membrane proteins from natural sources into synthetic systems 
is not straightforward in terms of remaining activities and contaminations. When 
the technical difficulties are mastered however, proteosomes can be incorporated 
in more complex life-like systems. It is important to test the stability of 
proteosomes towards mechanical forces since liposomes are metastable structures 
prone to aggregation and fusion (1). The introduction of cholesterol and 
negatively charged lipids can enhance structural rigidity and prevent fusion (2).  
 
As the system described in chapter 2 turned out to be challenging to develop in a 
short time period, the focus was shifted towards the rational design of an 
enzymatic pathway that can perform a sustained function under out-of-
equilibrium conditions, reported in chapter 3. An enzymatic network was 
designed that was fueled by readily available natural energy sources present in 
complex biological media such as glucose, ATP and a phosphate donor. By 
designing regulatory feed-forward mechanisms, a sustained flux of molecules over 
hours throughout the enzymatic network was achieved. ATP was shown to be 
able to regulate the rate of energy conversions, whereas limited levels of glucose 
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only had effect on the duration of the network’s activity. In this way, the levels of 
substrate determine the life-time and reaction rates instead of the equilibrium 
state of the system. Finally, it was demonstrated that ATP can be effectively 
replaced by caged-ATP. Upon illumination for different time periods, similar 
behaviour of the network was observed as was found for ATP. This work 
demonstrates that the addition of modules with multiple forms of input can lead 
to materials with a higher level of complexity. Future studies could focus on the 
in situ analysis of more intermediates and products that are continuously 
produced and consumed in the enzymatic network. With the development of high-
resolution mass spectrometry analysis, it is possible to monitor metabolites and to 
identify the rate-limiting steps, for instance when the complexity of the medium 
increases (3). This data allows, in combination with mathematical modelling for 
further rational design and optimisation of synthetic networks. 
 
In chapter 4, a new strategy is presented that allows for the incorporation of 
enzymes inside the cavity of polymeric nanoreactors via osmotic induced shape 
transformations of polymersomes. The resulting nanomotors were found to propel 
with relatively high speeds in biologically relevant concentrations of glucose.  This 
strategy for enzyme entrapment is efficient and can also be applied to the 
entrapment of other enzymes, which is demonstrated in chapter 5.  The 
morphology of the nanoreactors provided protection of the enzymes within their 
cavities from proteolytic and interfering enzymes that are present in a biological 
environment, thus providing a broader scope to the nanomotor design. In order to 
gain a better understanding of the mechanisms of movement, further studies are 
required. Detailed mechanisms on how the chemical energy breaks symmetry and 
converts into motion are unknown as it is challenging to analyse important 
characteristics such as the spatial distribution of molecules around the 
nanomotors during operation. Knowledge about how molecules and motor 
geometry affect function would allow for control and optimisation of the 
nanomotors behaviour. Furthermore, nanomotors based on biodegradable 
materials could be tested for applications in the field of nanomedicine. 
 
In chapter 5, the results are reported of the application of the network described 
in chapter 3 and the compartmentalisation strategy described in chapter 4. The 
combination of the two concepts showed synergistic properties arising from the 
compartmentalisation of the enzymatic network by creating an adaptive 
functional system that is able to regulate its behaviour and convert the chemical 
energy into motion. The nanoreactors maintain their speed at diminishing fuel 
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concentrations and show thus sustained function under out-of-equilibrium 
conditions. Further studies should investigate if there is a cooperative effect 
between compartmentalised enzymes in the confined space due to fast transfer of 
intermediates between enzymes.  
 
In summary, we have further explored and expanded the toolbox of out-of-
equilibrium systems designed according to the bottom-up approach. Firstly, an 
attempt was made to create a functional life-like system, though the realisation 
was not straightforward. Secondly, a light-controllable enzymatic network was 
constructed that generates a sustained output over hours under out-of-equilibrium 
conditions. When encapsulated in asymmetric nanoparticles, the output of the 
network was converted into substrate dependent motion of the particles yielding 
an adaptive functional systems that is able to regulate its behaviour far-from-
equilibrium. 
 
6.2 Future perspectives 
The field of life-like and adaptive functional systems is an area with great 
potential. It opens up possibilities for new discoveries and applications in 
fundamental research as well as in bio- and nanotechnology. The upcoming 
opportunities and challenges in this field will be described in the next section.  
6.2.1  Life-like materials 
Life-like systems are often designed in an attempt to probe the origins of life, 
study some aspects of the properties of life or try to recreate life. Others aim to 
develop applications that can be found in medicine and biotechnology. 
Approaches to make such systems have been diverse. For instance, scientist have 
tried to recreate the essential cellular features through self-assembly of very basic 
building blocks. Others mimicked a higher level of functions and features that 
were derived from the basic processes, like dynamic and responsive membranes, 
compartmentalisation or autonomous movement. The first approach focusses more 
on understanding of the transition from chemistry to biology that is useful for 
development of like-like systems, the second approach gives more insight in the 
thermodynamic principles that are involved in cell functions with a higher order 
of complexity. This will lead to a toolbox of cellular mimics that can be assembled 
to create smart materials. The compatibility of such elements is however 
important. For activity of the entire construct, the requirements for pH and salt 
compositions for instance will be different for subunits and will affect activity. 
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Compatibility aspects can be also optimised with computational methods. 
Metabolism in complex organisms such as E. coli (4) or even humans (5) has been 
successfully evaluated and it is expected that these methods can be easily applied 
for the relatively more simple artificial cells.  
 
An example that can be added to the toolbox of cellular mimics is the ATP 
producing proteosomes described in chapter 2. ATP producing proteosomes can 
be applied as an independent module that works as fuel source for metabolic 
pathways or for instance for active transport of molecular motors such as 
polymerisation of microtubules, that utilise ATP to perform a function at a local 
scale. Moreover, proteosomes included in synthetic cells can provide energy for 
bio-mimetic structures that are able to replicate, divide and perform metabolism 
by means of incorporated transcription and translation machinery (6). The 
abundant energy of sunlight in combination with the regeneration of the energy 
carrier ADP/ATP can provide a sustained energy (point) source, regulated by the 
amount of light that is (locally) applied. For systems that work far-from-
equilibrium, this energy module could keep ATP levels under non-saturating 
levels which for example could lead to control over rates of assembly and 
disassembly of dynamic systems. 
 
For the design of new technologies, the integration of genetic materials in 
(artificial) cells can lead to programmable cells with the desired properties that 
are genetically encoded. A recent example is the study of Nguyen et al. 
Nanofibers, based on fibres of extracellular material of biofilms, were genetically 
constructed for specific functions including protein immobilisation, nanoparticle 
templating and the adhesion of substrates. Such materials are therefore a 
potential candidate for large-scale designable biomaterials (7). Alternatively 
applications can be found in protein engineering, biosensors or to create synthetic 
genetic pathways. The best known result of genetic engineering to date is the 
manufacturing of E. coli and yeast to commercially produce (precursor) molecules 
for drugs with optimal yields. Recently, the National Aeronautics and Space 
Administration raised interest for new technologies in synthetic biology. Life-like 
materials could help to produce food or resources based on local materials with 
minimal dependence on Earth. Alternatively, they could harness available 
volatiles and waste resources on manned missions to the Moon and Mars (8-10). 
An important research line in the field of life-like materials is focused on 
compartmentalisation. Vesicles made from phospholipids have been studied 
extensively. A step forward was the introduction of amphiphilic block co-polymers 
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that gave more tunable control over the membrane properties such as stability, 
permeability and stiffness that were not achievable through lipids. The challenge 
here lies now in the design of biodegradable polymeric vesicles with the dynamics 
that allow for continuous growth, fusion and division. 
 
Another emerging area for the production of vesicles is the use of bio-inspired 
building blocks such as polypeptides or recombinantly made proteins. They offer 
the advantage that they are made from natural occurring building blocks (amino 
acids) and can be functionalised by easily modifying the gene of interest before 
insertion in the expression vector. When protein synthetic machinery is 
incorporated into the interior of a vesicle made from proteins, the production of 
the additional membrane proteins with multiple functions can lead to regeneration 
of the membrane by the vesicle, leading to a vesicle evolving with time. Moreover 
the coupling of gene expression with enzyme cascades and networks is important 
for the production of synthetic gene circuits with unnatural functions. In 
combination with the expression and reconstitution of membrane components, 
communication between compartments can be achieved with applications in 
nanomedicine or energy-supply. With responsive communication between 
compartments and metabolic processes, for instance by signaling molecules, it 
might be possible to obtain dynamic systems than can influence each other’s 
actions.  
6.2.2  Far-from-equilibrium systems 
Systems that operate under far-from-equilibrium conditions open up possibilities 
towards smart adaptive materials or catalytic and fuel consuming systems. The 
systems do not require external stimuli such as light, electricity or magnetic fields 
to function but continuously dissipate energy and use this to perform work. The 
compartmentalised out-of-equilibrium enzymatic network, reported in chapter 5 is 
an example of such a system. The enzymatic network was able to convert energy 
into sustained motion over a period of hours under conditions far-from-
equilibrium, resulting in a nanomotor.  
 
A common challenge in the development of functional enzymatic networks is the 
availability of substrates and the regeneration of enzymes (11). Also nutrients, for 
example nucleotides, and waste products must be able to enter and exit the 
construct, while other components stay trapped inside the vesicle or material. 
Vesicle fusion and the incorporation of membrane pores are approaches to 
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introduce new components, however low efficiency and leakage are still 
problematic (12). The concept of this system described in chapter 5 can be 
extended by coupling the enzymatic network with other sequential modules with 
multiple input and output signals that can lead to functional materials with a 
higher level of complexity. Another option is the coupling to stimuli-responsive 
gels which opens up applications in tissue engineering.  
 
In the work described in chapter 4 and 5, the output is a motor function and 
therefore the vesicle is considered as a nanomotor. The unique feature of a 
nanomotor is its ability to rapidly in situ recognize, isolate or enrich target 
biomolecules in untreated biological samples and can be therefore a promising tool 
for applications in biosensing, protein and DNA isolation and detection in 
immunoassays. Future research is focused on demonstrating the mechanisms of 
nanomotors functioning and their collective movement in a gradient of fuel. This 
will lead to intelligent, self-propelled, and self-guided drug carries that can follow 
the chemical clues given by tumor cells (13). High chemotactic efficiencies are 
however required and attractants besides hydrogen peroxide are needed for future 
applications.  
 
To conclude, the set up of complex nanomachines from diverse components would 
be a great scientific achievement with potential applications for synthetic biology 
and systems chemistry. Many design principles have been proposed on simpler 
machines, there are still some key aspects to be realised on the basic level of life-
like systems with focus on maintenance, compatibility, self-replication and 
division.  
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Summary 
Cells are the basic units for all known living organisms. The function and 
appearance of cells can vary as well their physico-chemical properties. Functions 
such as self-feeding of nutrition, proliferation or chemical signalling are a source of 
inspiration for the construction of functional life-like molecular materials. The 
field of life-like and adaptive functional systems is an area with great potential 
which opens up possibilities for new discoveries and applications in fundamental 
research as well as in bio- and nanotechnology. Two goals are defined in this field: 
(i) construction of life-like molecular systems using chemical and/or biological 
building blocks in order to mimic biomolecular architectures found in the cellular 
environment, with the aim to better understand and affect biological processes. 
(ii), assembly of smart (nano)materials that are able to perform various types of 
functions such as self-repair and adaptation. These systems can be more versatile 
than life-like molecular systems as they are based on chemical or biological 
building blocks and accept therefore a wider range of conditions.  
 
This thesis encompasses the efforts to design, synthesise and study the behaviour 
of bio-inspired and adaptive nanosystems. The systems are based on the bottom-
up approach which stands for the way of constructing life-like materials by 
assembly of biological and synthetic elements. The building blocks can work 
together to generate energy, adapt to their environment or can create motor- and 
switch functions.  
 
Chapter 2 describes the development of a construct using biomimetic principles to 
convert light energy into ATP. Light is a free and available source of energy and 
allows precise control over the amount and location. In this work, the light-
sensitive proton pump deltarhodopsin was coupled with CF1F0 and the genetically 
optimized TF0F1ε∆c in lipid vesicles. By light illumination, the construct was 
expected to synthesise ATP from ADP and Pi. ATP synthesis was observed in 
systems harbouring both CF1F0 and TF0F1ε∆c with dR when ADP was added. The 
origin of activity of the constructs was however not clear. The presence of the 
possible contaminant adenylate kinase was confirmed. Adenylate kinase is an 
enzyme that plays an important role in cellular energy homeostasis and catalyses 
the interconversion of adenine nucleotides towards an equilibrium state. If the 
enzyme is present as a contaminant in life-like systems, it can work against the 
aim to keep systems out-of-equilibrium. This work showed that the reconstitution 
of membrane proteins from natural sources into synthetic systems is not 
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straightforward in terms of remaining activities and the presence of 
contaminations. When the technical challenges are mastered however, 
proteosomes can be incorporated in more complex life-like systems. 
 
In chapter 3 the focus was shifted towards the rational design of an enzymatic 
pathway that can perform a sustained function under out-of-equilibrium 
conditions. An enzymatic network was designed that was fuelled by readily 
available natural energy sources present in complex biological media such as 
glucose, ATP and a phosphate donor. In current research, the consumption of 
energy sources has mainly focused on multi-step enzymatic reactions 
reconstructing glycolysis, photosynthesis or synthesis of natural products. In this 
chapter, the aim was to build a regulatory network that can generate a function 
in a later step. By introducing regulatory mechanisms, for example positive and 
negative feedforward loops, control over the metabolic flux was created which 
allowed for a tunable and sustained flux of metabolites, described by kinetic 
parameters. A kinetic model was proposed for the evaluation of the metabolic 
network and to predict its outcome. ATP was shown to be able to regulate the 
rate of energy conversions, whereas limited levels of glucose only had effect on the 
duration of the network’s activity. In this way, the levels of substrate determine 
the life-time and reaction rates instead of the equilibrium state of the system. 
Finally, it was demonstrated that ATP can be effectively replaced by caged-ATP. 
Upon illumination for different time periods, similar behaviour of the network was 
observed as was found for ATP. This work demonstrates that the addition of 
modules with multiple forms of input can lead to materials with a higher level of 
complexity. The second step was to study the effect of adding additional 
complexity to these functional pathways, by means of compartmentalisation in 
asymmetric porous nanoreactors.  
 
Chapter 4 zooms in on a new strategy that allows for the mild incorporation of 
enzymes inside the cavity of polymeric nanoreactors via osmotically induced shape 
transformations of polymersomes. The resulting nanomotors were found to propel 
with relatively high speeds in biologically relevant concentrations of glucose. The 
morphology of the nanoreactors provided protection of the enzymes within their 
cavities from proteolytic and interfering enzymes that are present in a biological 
environment, thus providing a broader scope to the nanomotor design. Further 
studies on the mechanisms of movement are required however. Knowledge about 
how molecules and motor geometry affect function would allow for control and 
optimisation of the nanomotors behaviour.  
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The implementation of the reaction network from Chapter 3 in a synthetic vesicle 
led to out-of-equilibrium synthetic organelles in which the fuel levels and reaction 
rates determined the behaviour of the assembly (Chapter 5). The combination of 
the two concepts showed synergistic properties arising from the 
compartmentalisation of the enzymatic network by creating an adaptive 
functional system that is able to regulate its behaviour and convert the chemical 
energy into motion. The nanoreactors maintain their speed at diminishing fuel 
concentrations and show thus sustained function under out-of-equilibrium 
conditions. Further studies should investigate if there is a cooperative effect 
between compartmentalised enzymes in the confined space due to fast transfer of 
intermediates between enzymes.  
 
Chapter 6 summarises the main results of each research chapter and discusses 
options for future investigations. In the second part of this chapter, a personal 
view is expressed on the challenges that remain in this field of life-like materials 
and far-from-equilibrium systems. Finally, some key elements are discussed which 
can be added to the toolbox of mimics for such materials. 
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Samenvatting 
Cellen zijn de bouwstenen van elk levend organisme. De functie en structuur van 
cellen kan zeer uiteenlopend variëren, net als de fysisch chemische eigenschappen. 
De functies van cellen, zoals de energievoorziening, proliferatie of communicatie zijn 
een bron van inspiratie voor het ontwerpen van functionele kunstmatige cellen of 
organellen. Het nabootsen van leven op moleculair niveau is een discipline met een 
groot potentieel die nieuwe mogelijkheden creëert voor zowel fundamenteel 
onderzoek als voor de bio- en nanotechnologie. Wetenschappers hebben hierbij twee 
doelen gedefinieerd: (i) het creëren van kunstmatige levende systemen waarbij 
chemische en/of biologische bouwstenen gebruikt worden om biomoleculaire 
structuren uit cellen na te bootsen. Doel hierbij is om meer begrip en controle te 
krijgen over biologische processen. (ii) Het assembleren van slimme materialen die 
verschillende functies kunnen uitvoeren zoals zelf-reparatie en aanpassing aan de 
omgeving. Deze systemen kunnen meer uiteenlopend zijn dan kunstmatige levende 
systemen omdat ze zijn samengesteld uit chemische en/of biologische bouwstenen 
die minder afhankelijk zijn van de condities zoals die in de cel.  
 
Dit proefschrift bundelt de resultaten van het werk dat gedaan is aan het 
ontwerpen, synthetiseren en bestuderen van gedrag van bio-geïnspireerde en 
adaptieve nanosystemen. De nadruk ligt hierbij voornamelijk op de bottom-up 
benadering. Dit is het ontwerpen van een systeem ‘van onder naar boven’ waarbij 
er wordt begonnen met de meer technische details. Vervolgens wordt er ’naar boven’ 
gewerkt voor de meer abstracte eigenschappen van het systeem. In dit werk is deze 
methode toegepast om life-like materialen te assembleren vanuit biologische en 
synthetische bouwstenen. De bouwstenen kunnen vervolgens samenwerken om 
energie te generen, te adapteren aan de omgeving of door als motor- of 
schakeleenheid te fungeren.  
 
Hoofdstuk 2 beschrijft de ontwikkeling van een construct, gebruikmakende van 
biomimetische principes, om licht energie om te zetten in ATP. Licht, de meest 
overvloedig op aarde aanwezige energiebron, is relatief eenvoudig te doseren in 
termen van locatie en hoeveelheid. In dit werk is de lichtgevoelige proton pomp, 
deltarhodopsin, gekoppeld met CF1F0 of de genetisch geoptimaliseerde TF0F1ε∆c in 
lipide vesikels. Door het construct met licht te beschijnen is de synthese van ATP 
vanuit ADP en Pi mogelijk gemaakt. ATP synthese is geobserveerd in systemen 
waarbij zowel CF1F0 als TF0F1ε∆c met dR waren gereconstitueerd wanneer ADP als 
substraat werd toegevoegd. De geobserveerde activiteit kon echter niet 
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onomstotelijk aan de gecombineerde activiteit van de twee enzymen toegekend 
worden. De aanwezigheid van een mogelijke contaminant, adenylate kinase, kon 
daarentegen worden vastgesteld. Adenylate kinase is een enzym dat een belangrijke 
rol speelt in cellulaire energie homeostase en katalyseert de interconversie van 
adenine nucleotiden richting een evenwichtstoestand. Wanneer dit enzym aanwezig 
is in life-like systemen, waarin gedoeld wordt op het uit evenwicht houden van het 
systeem, kan deze echter contraproductief werken.  
 
Dit werk demonstreert dat het reconstitueren van een component uit een natuurlijke 
bron in een synthetisch systeem niet vanzelfsprekend is. De resulterende activiteit 
en mogelijke contaminaties die meekomen bij de isolatie moeten hierbij in acht 
genomen worden. Wanneer de protocollen echter uitgekristalliseerd zijn, dan 
kunnen dit soort proteosomen ingebouwd worden in meer complexere life-like 
systemen. 
 
In hoofdstuk 3 is de focus verlegd naar het ontwerpen en bouwen van een 
enzymatisch reactie netwerk, dat in staat is een duurzame functie uit te oefenen 
onder uit-evenwicht condities. Een enzymatisch netwerk is samengesteld dat gevoed 
kan worden met natuurlijke energie bronnen die aanwezig zijn in complexe 
biologische media zoals glucose, ATP en fosfaatdonoren. Vooralsnog ligt de focus in 
de literatuur voornamelijk op multi-stap enzymatisch reacties die reactiepaden zoals 
glycolyse, fotosynthese of de synthese van natuurlijke producten nabootsen. In dit 
hoofdstuk ligt het doel op het bouwen van een regulerend netwerk dat een functie 
genereert in een latere stap (hoofdstuk 5). Door middel van regulerende 
mechanismes, zoals positieve en negatieve terugkoppelingen in het systeem, is 
controle uitgeoefend over de metabolische flux. Dit heeft geleid tot een 
gecontroleerde flux van metabolieten, die beschreven kunnen worden met kinetische 
parameters. Een mathematisch model is uitgewerkt in dit hoofdstuk waarmee het 
enzymatische netwerk geëvalueerd kan worden. ATP heeft hierbij laten zien een 
regulerende functie te hebben over de snelheid van energie omzetting, terwijl de 
hoeveelheid glucose alleen effect heeft op de tijdsduur waarin het netwerk activiteit 
vertoond. Tenslotte is laten zien dat ATP effectief gesubstitueerd kan worden door 
gekooid ATP. Wanneer dit molecuul voor verschillende periodes wordt beschenen, 
laat het netwerk een vergelijkbaar gedrag zien als wanneer ATP gebruikt is. Dit 
werk demonstreert dat de toevoeging van moleculen met verschillende 
functionaliteit kan leiden tot materialen met een hogere niveau van complexiteit.  
 
De vervolgstap in dit werk is het opsluiten van het enzymatische netwerk in 
asymmetrische poreuze nanocapsules. Hoofdstuk 4 zoomt in op een nieuwe methode 
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voor het mild insluiten van enzymen in de holtes van polymere nanocapsules. Hierbij 
wordt een osmotisch geïnduceerde vormverandering toegepast op de nanocapsules. 
Dit proces resulteert in nanocapsules die in staat zijn zichzelf voort te stuwen met 
relatief hoge snelheden in de aanwezigheid van biologische relevante concentraties 
glucose. De ontstane morfologie van de nanocapsules beschermt hierbij de ingesloten 
enzymen van proteolytische en interfererende enzymen die van nature aanwezig zijn 
in biologische systemen en dit effect verbreedt de toepassingsmogelijkheden van dit 
systeem dan ook aanzienlijk. Meer onderzoek is nodig naar het precieze mechanisme 
van de voortstuwing. Kennis over hoe de moleculen rondom de capsule en de motor 
geometrie de functie beïnvloeden is van belang voor controle en optimalisatie van 
de beweging.  
 
Hoofdstuk 5 borduurt voort op het werk gepresenteerd in hoofdstuk 4. In hoofdstuk 
5 wordt het reactie netwerk, uitgewerkt in hoofdstuk 3, geïmplementeerd in de 
asymmetrische nanocapsules. Dit leidt tot kunstmatige organellen waarvan de 
substraat niveaus en de reactiesnelheden, de bewegingssnelheid van het deeltje 
bepalen. De combinatie van de concepten, gepresenteerd in de hoofdstukken 4 en 5, 
laten synergistische eigenschappen zien die ontstaan uit de compartimentalisatie 
van het enzymatisch netwerk. Een adaptief functioneel systeem is hiermee gecreëerd 
dat in staat is zijn gedrag te reguleren en chemische energie om te zetten in 
voorstuwing van de capsule. De nanocapsules houden hierbij een constante snelheid 
terwijl de brandstof concentraties afnemen, wat resulteert in een langere 
functionaliteit. Vervolg studies zouden duidelijk moeten maken of er een coöperatief 
effect is tussen de gecompartimentaliseerde enzymen in de beperkte ruimte door 
middel van snelle omzetting van intermediairs tussen de enzymen.  
 
In hoofdstuk 6 worden conclusies gebracht aangaande de onderzoeksresultaten en 
worden de uitdagingen voor verder onderzoek beschreven die voor het veld van life-
like materialen en uit-evenwicht systemen in het verschiet liggen. Vervolgens 
worden de belangrijkste elementen besproken die toegevoegd kunnen worden aan 
de bouwstenen voor dergelijke materialen. 
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